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Preface 


Pascal once wrote, 1 The last thing that wc discover in writing a hook is to know 
what to put at the beginning" In my ease this is particularly so, fot what excuse 
have I as .1 single -utthor for venturing into the fields of so many experts in an 
attempt to explain the methodologies of the mam sub-disciplines of geochem¬ 
istry? This same problem was acknowledged by Goldschmidt in the preface it* his 
classic 1954 text on geoclirm Today of course the problem is compounded, 
for geochemistry - has a multitude of rd.itr.civ new and comparatively narrow 
fields. We find ex pens in X-ray fluorescence and plasma emission techniques, 
those who specialize in the lead isotopes of zircon and the isotope systetnaiks ol 
argon. This specialization is necessary, for the technologies of such techniques 
arc complex. Nevertheless, for some workers there needs to be an overview of 
the main range of techniques, for there are many who wish to understand the 
potential of geochemical techniques and interpret the results intelligently. That 
such an overview dots not exist is my chief defence. Tins text is not original in 
the ideas that it conveys; rather it is original in the sense that it brings together a 
Wide range of ideas and methods from the geochemical literature. 

The principal emphasis in this book is on ‘whole rock' chemistry; the equally 
large area of mineral chemistry has only hcen touched upon tangentially. 
Furthermore, it has not been possible to cover some of the more novel and 
esoteric techniques currently being applied to geochemical investigations. 

This text was conceived as a work to be put into the hands of .t graduate 
student embarking upon a geochemical project. As it has evolved, however, it has 
become apparent that it serves many mure purposes. 11 may, for example, be used 
as a text in final-year and graduate-student geochemistry emu- • I will be 
useful to the professional geochemist who has worked chiefly in one sub- 
dixciplinc i t the subject and needs to look mure broadly at a problem. If will also 
be of use to the non-geochemist. whether working in academia, industry or a 
geological survey, who has access to geochemical data and needs to interpret 
them. 

This bixik has. iherelore. two main .’iuk The first is tn pul into the hands of 
a non-expert, who needs to make use of geochemical data, a summary of the 
methods and techniques currently used in geochemistry, and vet a text which will 
enable the user to obtain something of geological significance from the data. The 
second goal is to put within one cover the disparate techniques and 
ire:! 1 •dii.iiiaii's currently in use by geochemists Thus this text may be read at two 
kvd-. ’ 1 -• r l ■-. ii m.';, : ■ -...I i" .1 mu. 11 . mist who wishes to evaluate ami 
interpret the data. Secondly, it may he read bv a geologist or geochemist who 
wants to understand some of the current geochemical jargon and make sense of 
the geochemical literature 
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The reader will detect a nuniher •>(’ biases in this book which are an inevitable 
consequence of the author's ircolopcat interests. The first bias is towards 
examples chosen from the Archaean, which is the principal area of geology in 
which I have worked and which is evident also from the place of writing The 
second hi is is towards igneous and metamorphic petrology, which again are my 
fields of interest, bur also rhe area in which manv nf the methods described were 
first applied 

I am grateful to many colleagues for their assistance during the preparation of 
this hook. Particular thanks go to Jan Kramers, Gordon I impirt. \lex Wnronow, 
David Lowry, Ken Eriksson, Kevin Walsh and m> late colleague Thorlej 
Swevtin.m for reading various sections of the text- Final thanks must go n 
Patricia, my wife, for her tolerance of the hack of my head for so many months 
while sealed at litis keyboard and to Amy, Oliver and Edward lor their patient 
enoouragment of’How many chapters to go. Dad?" 


11ugh R Rollinson 
L tii irmly of Zimbatfsi't 
May 1992 
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G.1 Abbreviations of mineral names used in the text 


Ah 

Ac 

An 

Ap 

Hi 

C 

Cc 

Cpx 

Di 

I 'n 

Fa 

Fo 

Fs 
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I Ihl 
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G.2 Other abbreviations and symbols used in the text 


Note: Bov 2.1 contains the definition* of iptistic.il l'.nu\ used in the text ami 
Box 4.1 gives the delinition of symbols used in the CuiuiriniK i • (haptcr 4. 


MS 

ACM 

AFC 

AFM 


Aik. 

arc: 

atm 

BAB 

BAB! 


BE 

Bon 

BSE 

CA (CAB) 
CHUR 


CIA 


CIPW 


CM AS 
COLG 
DM 
DS 

EM (I and II) 
ES 

A>2 

Git 

NFS 

HI MU 

IAT 

ICP 

ICP-MS 
IDMS 
INAA 
kb (kbar) 

Kd 


Atomic Absorption Sjtectruphirtnmctry 

Active Continental Margin 

Assimilation and Fractional Crystallization 

\ triangular variation diagram showing Alkalis (Na ; 0 + 

k,Oh FeO and MgO 

Alkali basalt 

Ocean Island-Arc 

Pressure measured in atmospheres; 1 arm - 101 325 Pa 
Back-Arc Basin basalt 

Basaltic Achondritc Best Initial(ratio tor primordial*'Sr/^Sr) 
the estimated Sr isotopic composition ot tile solar 
system at the rime of planetary formation 
The composition of the Bulk Earth 
Boninile 

Bulk Silicate Earth — the composition of the bulk earth 
without the core 
laic-Alkaline Basalt 

CHondritic Uniform Reservoir — the chondritic model 
for the composition of the hulk earth 
Chemical Index of Alteration a measure of the degree 
of chemical weathering 

Cross, fddittgs, Pirrson and Washington — the 
originators ol the currently used norm calculation 
A projection into CaO MgO-AljOj-StOj space 
Collisimi.il Granite 
Depleted Mantle 
Data-Set 

Enridied Mantle 

The composition of average European Shale 
The activity (or fugacity) of oxygen 
Billion (10') years 
J ligh Field Strength trace element 
High JJ mantle source region (see |t) 

Island-Arc Tholciite 

Inductively Coupled Plasma emission spectrometry — 

used in trace and major dement analysis 

Inductively Coupled Plasma emission Mass Spectrometry 

Isotope Dilution Mass Spectrometry 

Instrumental Neutron Activation Analysis 

pressure expressed in kilobars; l kb =0.1 GPa 

The Nemst distribution coefficient (partition coefficient) for 

a trace element distributed between a mineral and a melt 
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LLL (LLLE) 

I.arge Ion I.ilhophik Element 

LFS 

Ma 

MORB 

MSWI > 

l.ow Field Strength clrmau 

Million (10*) years 

Mid-Ocean Ridge Basalt 

Mean Squares of Weighted Deviates used as a 

measure of the goodness of fir of an isochron 

NAA 

NASC 

Neutron Activation Analysis 

North American Shale Composite — an average shale 

NHRL 

composition 

Northern Hemisphere Reference Line — a line against 
which enrichment in Pb isotopes may he measured ir the 
mantle source of oceanic basalts 

OL\ 

Oil* 

orr 

ORG 

PAAS 

PGE 

PM 

ppb 

ppm 

PREMA 

Ocean-Island Alkali Basalt 

Ocean-Island Basalt 

Ocean Island Tholeiite 

Ocean-Ridge Ciranitc 

Post-Archaean Australian average Sedimentary rock 
Platinum Group (trace) Element 

Passive continental Margin 

Parts per billion (1 in 10'') 

Pam per million (1 in Ilf) 

PREvalcnt MAntic reservoir a dominant mantle source 

for oceanic basalts 

ree 

RNAA 

RTF 

Rare Earth Element 

Radiochemical Neutron Activation Analysis 

A magma chamber which is periodically Replenished, 
periodically Tapped and continuously Fractionated 

Sho 

SMOW 

Shoshonitie basalt 

Standard Mean Ocean Water — the standard used in 

SSMS 

syn-COLG 

TAS 

oxygen and hydrogen stable isotopic measurements 

Spark Source Mass Spectrometry 
svn-COLIisional Granite 

Total AlkaJisSilica diagram — a means of classifying 
vulcanic rocks on the basis of their (Na>G + KjO) and 

Thiil. 

Trans. 

SiO, content 

Tholeiitic basalt 

Basalt of transitional chemical composition between 
rholciihc and alkaline 

VAB 

VAG 

WPB 

WPG 

XRF 

Volcanic-Arc Basalt 

Volcanic-Arc Granite 

With in-Plate Basalt 

With in-Plate Granite 

X- Ray Fluorescence spectrometry 

a 

The fractionation factor for the distribution of stable 
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£ 

isotopes between two species 

The stable isotope ratio expressed relative to a standard 

A measure of N'd isotopic composition relative to a manrlc 
reservoir 
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The isotopic ratio ^Th/^U 
The decay constant for radioactive decay 
(1 The isotopic ratio ""U/^Pb 

A The difference in stable isotope ratio (6) for two coexisting 

minerals 


Chapter 1 


Geochemical data 


1.1 Introduction 


This book is about geochemical data and how they can be used to obtain 
information about geological processes. Conventionally geochemical data arc 
subdnided into four main categories: the major elements, tr.u i merits, radiogenic 
isotopes and stable isotopes (see Table 1.1). These four types of geochemical data 
each form the subject of a chapter uf this book. F.ach chapter shows him ibe 
particular form of geochemical data can be used and how ir provides dues to the 
origin of the suite of rocks in question. Different method* of data presentation are 
discussed and their relative merits evaluated. 

T.sS'is IJ Whole-rock geochemistry ul komatiite flows from the Bclingwc greenstone belt, /imhabwe 
(Data from \ishct et aJ., 19X7) 



ZVH 

ZV85 

ZVIO 


ZA 14 

ZV85 

ZV10 

M^|tor fUmtnt (wt %) 


SrifCteJ Iracr rbmtftts (ppm) 


SK), 

48.9! 

45.26 

45.26 

Ni 

470 

1110 

1460 

TiO, 

0.45 

033 

0 29 

Cr 

2080 

2770 

2330 

Aljpj 

9,24 

6.74 

6 07 

V 

187 

140 

118 

FeA 

2.62 

2.13 

1.68 

Y 

10 

6 

6 

I'eO 

8.90 

8 66 

8.70 

Zr 

21 

16 

14 

VI nO 

0.18 

O' 17 

0.17 

Rb 

3.38 

1.24 

1.38 

MftO 

1532 

22 98 

26 21 

Sr 

53.3 

32.6 

51.2 

CaO 

9.01 

6.94 

6.41 

Ha 

32 

12 

10 

Nap 

1.15 

0.88 

0.78 

Nd 

262 

1.84 

2,31 

Kp 

0.08 

0.05 

0.04 

Sm 

0% 

0.68 

0.85 

Pp, 

0.03 

0.02 

0.02 





S 

0.04 

0.05 

0,05 

RitJiogtnu iMvpc ratios 






cSd 

+2.4 

+2.4 

+2.5 

H.Q+ 

3.27 

3.41 

2 .20 









% 'Sr/"Sr 0.7056 

0.70511 

O.7OS0I 

1 LO¬ 

0.72 

0.57 

0,28 





CO. 

JL 

0.4* 

0.84 

1.04 

SfaNt ratios / 


Total 

100.38 

99.03 

99.20 


+7,3 

+7.0 

+6.8 


Note Major elements and Ni, Cr, V, Y, Ha dcicrmincd by XRI - '; FeO determined by wci 
chemistry; H>0 and CO ? dcicrmincd by gravimetry; Rb, Sr, Sm, Nd determined by IDMS. 














Geochemical dels 


The major elements (Chapter 3) arc the elements which predominate in any 
rock analysis. They are St. I i, Al, K. \ln. Mg. Ca, N, K nil P, and their 
concentrations are expressed as a weight per cent (wt %) of the oxide (Table I 1), 
Major element determinations arc usually made only for cations and it is assumed 
that they ate accompanied by an appropriate amount of oxygen. Thus the sum of 
the major element oxides will total to about MM and the analysis total may be 
used as a rough guide to its reliability. Imn mas he determined as FeO and FcjO t , 
but is sometimes expressed a> total IV and yiwn RS ciihcr FeO lliiU or PejO^ 

Tract elements ((. liapict -) are defined as those elements which arc present at 
less than the 0.1 % level and their concentrations are expressed in parts per million 
(ppm) or more rarely in parts |>er billion (ppb, I billion = 10^) of the element 
(Table 1-1). Convention is not alwavs followed however, and trace element 
concentrations exceeding the 0 I % (1000 ppm) level are sometimes cited. The trace 
elements of importance in geochemistry are identified in Table 1,5 and shown in 
Figure 4.1. 

Some elements behave as a major element in one group of rin ks and as a trace 
element in another group of rocks. An example is the element k, which is a major 
constituent of rhyolites, making up more than 4 wt % of the rock and forming an 
essential structural part of minerals such as orthoclasc and hioritc. In some basalts, 
however, k concentrations are very low and there arc no h.-bearing phases. In this 
ease k behaves as a trace element. 

Volatiles such as 11,0, CO, and S .ire normally included in the major element 
analysis l i able 1 !; Water combined within the lattice of situate minerals end 
released above 110 {. is described as I I.O+. Water present simply as dampness in 
the rock powder and driven ofTby healing below 110 °C is quoted as ICO and is 
not an important constituent of the rock Sometimes the total volatile content of the 
rock is determined by ignition at MOO e C and is expressed as "loss on ignition 7 
(Itchier and Outlets, IW7), 

Isotopes are subdivided into radiogenic anil stable isotopes. Radiogenic 
isotopes (Chapter 6) include those isotopes which decay spontaneously due to their 
natural radioactivity and those which are the final daughter products of such a 
decay scheme They include the parent-daughter dement pairs. Rb-45r. Sm- Nd, 
L -PI . Th-Pb and k At, They arc expressed as ratios either in absolute terms 
ft, Si7 s6 Sr (c.g.) or relative to a standard (the e-notation) (Table 1.1). 

Stable isotope studies, in geology (Chapter 7) concentrate on the naturally 
occurring isotopes of light elements such as II, O, C and S which may be 
fractionated on the hasis of mass differences between the isotopes of tin- element. 
For example, the isotope ,a O is 12.5 % heavier than the isotope U 'Q and the two arc 
fractionated during the ev aporation of water. Stable isotopes contribute significantly 
to an understanding of fluid and volatile species in geology. They acre expressed as 
ratios relative tu a standard using the 5-notation (Table 1,1 

1 lie major part of this book discuss, li. rout main types of geochemical data 
outlined above and shows how they can be used to identify geochemical processes. 
In addition. Chapter 5 has been included to show the way in which trace and major 
element chemistry is used to determine the tectonic setting of some igneous and 
sedimentary rocks Chapter 2 discusses some of the particular statistical problems 
which arise when analysing geochemical data-sets, and some recommendations are 
made about permissible and impermissible methods of data presentation. 

In this introductory chapter we consider three t> j ic (!) she geochemical 
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processes which ire likely to be encountered in nature and their geochemical 
signatures; (2) the interaction between geological fieldwork and the interpretation of 
geochemical data; and (3) the different analytical methods currently in use in 
modem geochemistry. 


1,2 Geological processes and their geochemical signatures 


\ major purpose of this test is to show hem geochemical data can be used to 
identify geological processes. In this section the main geochemical signatures of 
igneous, sedimentary arid metamorphic processes arc briefly summarized and 
presented in graphical (Figures 1.1 rn 13) and in tabular lonn (Tables 1.2 to 1.4). 
This brief survey is augmented by fuller discussions elsewhere in the text. Each of 
the Tahirs 1.2 ro 1.4 lists the geological processes which may have a geochemical 
signature and identifies live sections in the book where the particular process is 
described and characterized using major or trace elements, and radiogenic nr stable 
isotopes. 

1.?.i Processes avhieh control the chemical composition of igneous rocks 

The chemical composirior v.d mineralogy of the source regiim exerts a 
fundamental control over the chemistry of magmatic rocks, The major and trace 
element composition of a melt is determined by the type of melting process and the 
degree of partial melting, although the composition ol the melt can be substantially 
modified en mute to the surface (Figure 1.1). The source region i I' r 
characterized by its radiogenic isotope composition because isotope ratios are not 
modified during partial melting and magma chamber processes. 'The composition of 
the source itself is a function of mixing processes in the source region. This is 
particularly pertinent to studies of the mantle, and in the last decade important 
advances have been made in understanding mantle dynamics through the isotopic 
study of mantle-derived oceanic basalts (see Section 6.3.6). 

Most magmatic rocks arc filtered through a magma chamber prior to their 
emplacement at or near the surface. Magma chamber processes frequently modify 
the chemical composition of the primary magma, produced by partial melting of the 
source, through tniclional crystallization, magma mixing, contamination or a 
dynamic mixture of several of these processes. Resolving the chemical effects of 
these different processes requires the full range of geochemical tools — major and 
trace element studies coupled with the measurement of both radiogenic and stable 
isotope compositions. Excellent and detailed discussions of magma chamber 
processes arc given bv Hall (1*187 — Chapter 7) and Wilson (1*189 — Chapter 4). 

Following emplacement or eruption, igneous rocks may be chcnu If. modified, 
either by outg&ssing or by interaction with a fluid. The outgassing of igneous rocks 
chiefly afreets the stable isotope chemistry whereas interaction with a fluid may 
afreet all aspects of the rock chemistry. Ideally, igneous rocks selected for chemical 
analysts are completely fresh, but sometimes this cannot be achieved, For example. 
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Table 1.2 The geochemical stputurcs of igneous processes wlmntici! hv section in subsequent chapters 
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Source mixing 
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Tectonic utunt 

5.22 

5.2 




5.2.3 
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sample* from the seafloor have most probably been subjected u> weathering or even 
hydrothermal alteration by seawater. Many igneous plutonic bodies initiate, tin 
emplacement,, hydrothermal groundwater circulation in the surrounding country 
rocks, thus leading fn the chemical alteration of the igneous plultm itself 
Metamorphosed igneous rocks arc also likelv to he chemically modified by the 
interaction with a fluid phase, as is discussed below. 
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TuHe J.J The gcudtcmical signatures of sedimentary processes, identified by section in suhitqutf 
chapters 
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1.2.2 Processes which control the chemical composition of sedimentary 
rocks 

The chemical composition of the provenance is probably the major control on the 
chemistry of sedimentary rocks although this can be greatly modified by subsequent 
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TabU ! i 1 The gcixhcmn.al signatures of mctamurphic processes, identified li 1 • i «h m sufftcqucni 
chapter^ 
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processes (Figure 1,2). The composition of the provenance is a function of tectonic 
setting. Weathering conditions may leave their signature tn the resultant sediment 
and majur element studies of sedimentary rocks indicate that sometimes the former 
weathering conditions can be recognized from the chemist ry of the sediments 
(Section 3.3.1). Significant chemical changes may also take place during transport; 
some trace elements become concentrated in the clay component and in the heavy 
mineral fraction whilst others are diluted in a quart*/-rich coarse fraction. These 
processes are to a large extern also dependent upon the length of time spent 
between erosion and deposition. 

Chemical changes during deposition will depend upon the deposit tonal 
environment, which is cliiellv eon trolled by subsidence rate. Chemical and 
d processes controlling element solubilities in seawater, submarine 
Catherine and redox conditions arc also important for particular types of sediment. 
P'-vx-dcposidonal processes are best investigated using stable isotopes. The stable 
is* i' ipes ot oxygen and hydrogen are important tracers for different types of water, 
viral in the study of diagenctic fluids- Girbon and oxygen isotopes arc used in the 
study of limestone dtagencsis. The (eru|X'rature-dcpendent Fractionation of oxygen 
to p pci can be used to calculate the geothermal gradient during diagcncsis and 
allow s some control on the burial history of the rock 
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Figure LI Flow dbgnun showing the principal processes which control the chemical compositwin of 
igneuu* rocks. 


1.2-3 Processes which control the chemical composition of melamorphic 
rocks 

hi principal control on the chemical composition of a mctamorphic rocL is the 
com posit km of the pre-mctamorphic protolith, Sometimes mcumorphic rccrvstal- 
lization may be isochemical but most commonly there is a change in chemical 
composition (Figure I t), 1 hi> is principally controlled by the movement of fluids 
and the thermal conditions during metamorphism. Metamorphism is frequently 
accompanied by deformation; particularly at high mctamorphic grades, there may 
be tecfonic interleaving of different protolith compositions which gives rise to a 
mctamorphic rock of mixed parentage. 

The ingress and expulsion of water during metamorphism, chiefly as a 
outsellucnci flfhydrak<-ii and .!•. In. i.mini -onerm: •. may give rise t» changes in Mi. 
chemical composition of the parent rock as a consequence of particular elements 
becoming mobile in the fluid. These' processes are controlled by the composition of 
the fluid phase, its temperature and the ratio uf mctamorphic fluid to the host rock 

At high mctamorphic grades and frequently in the presence of a hydrous fluid, 
melting may take place. The segregation and removal of this nub v.ill 
differentiate the parental rock into two composition.! I ly distinct components — 
reside and melt In this ease, the precise nature of the chemical change is governed 
by the degree rf nn.lti.ng and the melting process. 

Chemical change in mctamorphic rocks in the absence of a fluid phase is 
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governed by diffusion of ions in the solid state, This is in response to changing 
mineral stabilities and mctamorphic reactions — a function of the P-T conditions 
of metamorphisTn. 


1.3 Geological controls on geochemical data 


Geochemical investigation* arc most fruitful when a particular model or hypothesis 
is being tested ,1 his, ultimately hinges upon a clear understanding of the geological 
relationships I hus anv successful geochemical investigation must he based upon a 
proper understanding of the geology of the area. It is not sufficient to carry out a 
•smash and grab mid*, returning to the laboratory with large numbers of samples, if 
the relationship between the samples is unknown and their relationship tu the 
regional geology is unclear. It is normal ro use the geology to interpet the 

ichemistry. Rarely is the converse true, for at best the results are ambiguous. 

As an example, consider a migmatitic terrain in which there arc several 
generations of melt produced from a number of possible sources. A regional study 
in which samples are collected on a grid pattern may have a statistically accurate 
feel and yer will provide limited information on the origin of the migmatitc 
complex. What is required Ln such a study is the mapping of the age relationships 
between the units present, at the appropriate scale, followed by the ca-clul sampling 
of each unit. This then allows chemical variations within the units to be investigated 
and models tested for the relationships between units. A fundamental thesis of this 
book is therefore that geochemical investigations must always be carried out in the 
fight of a clear understanding ol tile geological relationships. 

This approach leads naturally to the way in which geochemical data arc 
presented. In the main this prescntaiiim is as bivariate (and irivariaic) plots in 
whit li ih. ■ "’!« are the geochemical .i discussion of these plots forms the 

major part of this book. However, if the geology is also considered, then the 
additional variables of time and space may he plotted as well Cleat I'.. .!• 

informative on some occasions to examine chemical variations with time in a 
sedimentary pile. Furthermore, it IS often valuable to examine the spatial 
distribution of geochemical data, This can vary over the entire range of geological 
investigations from the micro- to the global scale. Compare for example the ‘map’ 
of lead-isotopic analyses in a single galena grain (Shimizu and 11art* 1982) with the 
projection of isotopic anomalies in the Earth's mantle onto a world map. described 
by Hart (1984). Both are instructive. 


1.4 Analytical methods in geochemistry 


In this section the more widely used analytical methods are reviewed in order to 
provide a guide for those embarking on geochemical analysis. A summary of the 
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techniques and their appropriatene^s to particular elements is given in Table 1.5. 
This survey leads into a discussion of the relative merits of the different analytical 
methods (Section 1.5), First, however, it is necessary to consider the criteria by 
which a particular analy tical technique might be evaluated. Within the remit of this 
book, in which geochemical data arc used to infer geochemical processes, it is the 
qualm ■>! (hi data which is imponai t Dt t qua I i: 1 . n \ '« nous u red in terms • 
their precision, accuracy and detection limit. 

Precision refers to the repeatability of a measurement. It is a measure of the 
reproducibility of the method and is determined by making replicate measurements 
on the same sample. The limiting factor on precision is the counting statistics of the 
measuring device used. Precision cart be defined by the coefficient of variation, 
which is 100 times the standard deviation divided by the mean ('Fill, 1974). also 
known as the relative standard deviation (Jarvis and Williams, 1989). \ common 
practice, howeveT, is in equate precision with one standaid deviation from the mean 
(Norman ct ai , 1989). It can be helpful to distinguish between precision during a 
given analysis session (repeatability) and precision over a period of days or weeks 
(reproducibility), 

\ccuracy is about getting the right answer. It is an estimate of how dose our 
measured \,ik • i the true value. Knowing the true value can he very difficult 
but it is normally done by reference to recommended values for international 
geochemical reference standards (see for example Govindaraju, 1984; Abbey. I9s*q, 
Ji i- t>f i nurse passible to obtain precise, but inaccurate, results, f or mmt geological 
studies precision is more important than small di fit rentes in absolute concentration, 
for provided the data have all been obtained in the same laboratory the relative 
differences in rock chemistry can he used to infer geochemical processes. 

The detection limit i> the lowest concentration which can be ‘see- 
particular method and is a function of the level of background noise relative to an 
dement signal (Normh and Chappell, 1967), 

The main analytical methods currently in use arc briefly described below 


1.4.1 X ray fluorescence (XRF) 

X-ray fluorescence spectrometry (XRF) is currently the most widely used analytical 
technique in the determination of the major and trace deim m i hemistrv of rock 
samples. If is versatile and can analyse up to 80 elements over a wide range of 
sensitivities, detecting concentrations from 100% down to a few parts per million. 
It is a rapid method and large numbers of precise analyses can be made in a 
relatively short space of time. The chief limitation is that elements lighter than Na 
(atomic number = II) cannot be analysed by XRF, Good reviews of the XRF 
method arc given by Norrish and Chappell (1977), Tertian and Claisse (1982), 
Williams (1987) and Ahmcdali (1989), 

X-ray fluorescence spectrometry is based upon the excitation of a sample by X- 
rays. A primary X-ray beam excites secondary X-rays (X-ray fluorescence) which 
have wavelengths characteristic of the elements present in the sample. 'Hie intensity 
of the secondary X-rays is used to determine the concentrations of the elements 
present by reference to crfibmtion standards, with appropriate corrections being 
made for instrumental errors and the effects the composition of the sample has on 
its X-ray emission intensities. Alternatively, the X-rays may be detected vn ■■ 
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Tahir LS Element readily analysed by XRF, INAA, IDM5 f AAS. ICP and ICP-M5 


Atomic Symbol Element No. 

XRF 

LNAA 

' 1DMS 



i 

II 

1 lydrnjien 






2 

lie 

i fcliunn 






3 

Li 

Lithium 




X 

X 

4 

Re 

Beryllium 




X 


5 

H 

Boron 






6 

c 

Carbon 






hi 

7 

N 

Nitrogen 






s 

O 

Oxygen 






9 

F 

Fluonnc 






10 

N« 

Neon 






u 

N.i 

Sodium 

X 



X 

X 

12 

Mr 

Magnesium 

X 



X 

X 

13 

A1 

Aluminium 

X 



X 

X 

14 

Si 

Silicon 

X 



X 

X 

15 

P 

Plio>phoru% 

X 




X 

16 

S 

Sulphur 

X 





17 

Cl 

Chlorine 

X 





18 

Ar 

Aryan 






19 

K 

Putuvdum 

X 



X 

X 

20 

Ca 

CaJeium 

X 



X 

X 

21 

Sc 

Scandium 

X 

X 



X 

22 

Ti 

Titanium 

X 



X 

X 

23 

V 

Vanadium 

X 



X 

X 

24 

Or 

Chromium 

X 

X 


X 

X 

25 

Vtn 

Manganese 

X 



X 

X 

26 

Pc 

Iron 

X 



X 

X 

27 

Co 

Coball 

X 

X 


X 

X 

28 

Ni 

Nickel 

X 

X 


X 

X 

29 

Cu 

Copper 

X 



X 

X 

30 

Zn 

Zinc 

X 



X 

X 

31 

Ga 

Gallium 

X 





32 

Ge 

Germanium 

X 





33 

As 

Arsenic 

X 





34 

Sc 

Selenium 






35 

Br 

Bromine 






3ft 

Kr 

krypton 






37 

Rh 

Rubidium 

X 


X 

X 


38 

Sr 

Strontium 

X 


X 

\ 

X 

39 

Y 

Y ttriunt 

X 




X 

40 

Zr 

Zirconium 

X 




X 

41 

Nb 

Niobium 

1 x 




X 

42 

Mo 

Molybdenum 






43 

Tc 

Technetium 






44 

Ru 

Ruthenium 


X 




45 

Rh 

Rhodium 






46 

Pd 

Palladium 


X 




47 

Ar 

Silver 


X 




48 

Cd 

Cadmium 






49 

In 

Indium 






50 

$n 

Tin 

X 





51 

Sb 

Antimony 






52 

Tc 

Tellurium 






53 

1 

Iodine 






54 

Xc 

Xenon 
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Tiifrle l.$ Continued 


Atomic Symbol Element N«t 

XRF 

INAA 

ii>ms 

A AS 

ICP 

ICPMS 

55 

Cs 

Caesium 

X 





X 

56 

Hi 

Burmin 

X 




X 

X 

57 

La 

Lanthanum 

X 

X 

X 


X 

X 

58 

Ce 

Coium 

X 

X 

X 


X 

X 

59 

Pr 

Praseodymium 





X 

X 

60 

Nd 

Neodymium 

X 

X 

X 


X 

X 

61 

Pm 

Promethium 







62 

Sm 

Samarium 

X 

X 

X 


X 

X 

63 

Eu, 

Europium 


X 

X 


\ 

X 

64 

Gd 

(rjdtdtniujn 


X 

X 


X 

X 

65 

Tb 

Terbium 


X 




X 

66 

D> 

Dysprosium 


X 

X 


X 

X 

67 

llo 

l lobnium 





X 

X 

68 

Er 

Erbium 



X 


X 

X 

69 

Tm 

ThiiLum 


X 




X 

70 

Yb 

Ytterbium 


X 

X 


X 

X 

71 

Lu 

IArtecurn 


X 

\ 


X 

X 

72 

Ilf 

Hafnium 


X 




X 

73 

Ta 

Tantalum 


X 




X 

74 

W 

Tungsten 







75 

Re 

Rhenium 


X 





76 

Ob 

Omnium 


X 




\ 

77 

Ir 

Iridium 


X 





7* 

Pr 

PUimum 


% 





79 

Au 

Gold 


X 





KM 

Hg 

Mercury 







81 

Tl 

Thallium 







82 

Pl> 

Lead 

X 


X 

X 


X 

83 

Hi 

Bismuth 







84 

Po 

Polonium 







85 

At 

Astatine 







86 

Rn 

Radiiri 







87 

Fr 

IraiKiuvn 







88 

Ra 

Radium 







89 

\r 

Actinium 







90 

111 

Thorium 

X 

X 

% 



X 

91 

Pa 

Pmetinium 







92 

u 

Uranium 

X 

X 

X 



X 


being sqvinied into different frequencies, using a detector which measures energy 
as well xs intensity of the X-rays. This method, known as energy dispersive \ ray 
fluorescence, is currently under investigation for routine trace element analysis 
(Potts et at., 1990). 

The typical XRF analysts of rock samples involves the preparation of the rock in 
two different forms — a pressed powder disc for trace dement analysis (Leake tl 
*»/., 19W) and a glxss bead made from the powdered sample fused with lithium 
mciaboratc or tetrahorate for major element analysis (Norrish and Hutton, 1969; 
Qaisse, I9S9), 'Hie major elements arc determined using one X-ray cube whereas 
trace elements are determined using one or more different tubes. X ray tubes are 
delicate and tube changes arc minimized to conserve their life, so data arc normally 
obtained in batches over the space of several weeks or months. 
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1.4,2 Neutron activation analysis (INAA and RNAAl 

Neutron activation anatvsis is a sensitive m l versatile method of rock analysis, 
chiefly applicable to trace dnnniK and capable of determining a large number of 
di limits siitsuii:i 111 ’ n sly witlinui tii'crssai • v ill •, r iini£ I sample. Phere are two 
approaches Instrumental neutron activation analysis (INAA) employs a powdered 
rock ur mineral sample; radiochemical neutron activation analysis (R\A,*\) involves 
the chemical separation of selected elements Hie range of elements analysed is 
given in Table I S and the methods are described in detail by Mueckc (1980) 

In instrumental neutron activation analysis (INAA), about 100 mg of powdered 
rock or mineral sample is placed in a neutron flux in a neutron reactor together with 
standards. The sample and standards are irradiated for up to about 311 hours, The 
neutron flux gives rise to new, short-lived radioactive isotopes of the elements 
preseni which emu gamma radiations. Particular isotopes can be identified from the 
gamma radiations emitted and the intensities of these radiations are proportional (o 
the amounts of the isotopes present. The gamma-ray spectrometry (the counting) is 
done at set intervals (several hours, several days and several weeks) after the 
ir r adi a tio n in order to measure isotopes with different hall lives. Corrections are 
made for overlapping lines in the spectrum and concentrations arc determined by 
comparison with the standards analysed at the same time- The method is 
particularly sensitive fur the rare earth elements, the platinum group elements and i 
number of high field strength elements. 

When elemental concentrations arc below about 2 ppm, a chemical separation 
may he employed following the irradiation of the sample, but prior to counting. 
This approach, known as radiochemical neutron activation analysts (RNAA), clearly 
has the advantage of increased sensitivity. 


1,4 : Inductively coupled plasma emission spectrometry jlCPl 

Inductively coupled plasma (ICI'i cmiv.rim spectrometry is a comparatively new 
technique with enormous potential in geochemistry. In principle the method is 
capable of measuring most elements in the periodic table with low detection limits 
and good precision over several orders of magnitude. Fitments are measured 
simultaneously and a complete analysis can be made in the space of about two 
minutes, making it an extremely rapid analy tical method. A lull description of the 
method and its application is given In Walsh and Howie (1980) and Thompson anil 
Walsh (1983). 

ICP emission spectrometry is a 'Hume’ technique with a flame temperature in the 
range MMXMOOUOK. I < .Ti> i solution technique and standard silicate 
dissolution methods arc employed. The sample solution is passed as an aerosol from 
a nebulizer into an argon plasma. The inductively coupled plasma is a stream of 
argon atoms, heated by th.: iiiTu rsvc- hearing of a radio-frequency coil and ignited 
by a high-frequency Tesla spark. The sample dissociates in the argon plasma and a 
large number of atomic and ionic spectral lines arc excited. The spectral lines are 
detected by a range of photomultipliers, they arc compared with calibration lines, 
and their intensities arc converted into concentrations. 
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1.4.4 Atomic absorption spectrophotometry {AAS) 

Atomic absorption spectrophotometry is based upon the observation that atoms of 
an element can absorb electromagnetic radiation. This occurs when The clcmcnr i- 
.tluini/ed and the wavelength of ligl t ahs irbed is q*vim to cat.li c email "I i.<- ' ■- 
atomic absorption spectra photometer comprises an atomizing device, a light source 
and a detector. A lowering of response in the detector during the atomization nt a 
sample in a beam of light, as a consequence of atomic absorption, can be calibrated 
and is .sensitise at the ppm level I he sample Ls prepared, in solution and aspirated 
via a nebulizer and atomized in an acetylene-air or acetylene-nitrous oxide flame 
The method is described in detail by Price (1972). There are two limitations to the 
routine use of AAS in silicate analysis, Firstly, the sample must be prepared as a 
solution, and secondly it is element-specific, i.c. only one element can usually be 
analysed at a time, although this Latter limitation has in part been overcome by 
fitting instruments with multiple-turret lamp holders. 

T.ibli I -1 lists d edements which can be determined by A \S with rd.it n esse. 
It can be seen, for instance, that all the major elements, with the exception of P, can 
be measured and detection limits for \a, K, Mg and tla arc extremely low. There 
are methods in which all the major elements may be determined from one solution, 
although the cathode lamp has to be < hanged for each element. The trace dements 
Ba, Be, Co, Cr, C.u, Li, Ni, Pb, Rb, Sr, V and Zn arc also readily determined, 
AAS cannot compete with more rapid methods of silicate analysis such as \KI- 
and IGP. Nevertheless, because AAS is comparatively cheap both in the capital 
outlay and in running costs, it most frequently finds its use in »ne of three specific 
applications. 

(1) The determination of light elements such as Be and Li, with atomic numbers 
too low to be measured by XRF. 

(2) Routine analysis ot transition metals readily leached from soil or stream 
sediment. This application is commonly used in goochcmical exploration. 

(3) \on-rounnc trace clement analysis using specialized applications of AA-S in 
which, for example, the sample is atomized in a graphite furnace This allows 
exceptionally low detection limits to be achieved for dements difficult So 
measure using other analytical techniques. 


1.4.5 Mass spectrometry 

Mass spectrometry in its various forms is the most effective method of measuring 
isotope ratios. It is normally preceded by the chemical separation of the element of 
interest. Charged ions arc generated from the dement to be analysed either by the 
bombardment or a gaseous sample with electrons (gas source) or by the 
volatilization of the sample on a glowing filament made of a high-melting-point 
metal (solid source). "Hie ion beam is fired along a curved tube through a very 
powerful electromagnet which splits up the atoms according to their mass. A mass 
spectrum is produced in which the lighter ions are deflected with a smaller radius of 
curvature than heavy ions. The quantitative detection of the signal at two or more 
mass numbers allows an isotope ratio to be calculated. Gas source mass 
spectrometrv is used in stable isotope studies and in argon isotope geology, whereas 
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Iwiop t diluMU 
rmtst 


tpfftmmeiry 

(IDMS) 
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emission mutt 
tpeetrometty 

acp ms) 


Spurt source 
mass spectro¬ 
metry (SS.MS) 


solid source mass spectrometry is used in other gcochronologiutl and isotope 
geology applications (Rb Sr, Pb Pb, t -Pb and Sm-'Sd) ami in trace element 
analysis by isotope dilution. 

Isotope dilution mass spectrometry is the most accurate and must sensitive of all 
trace element analytical techniques and is particularly suited to measuring very bur 
concentrations. The method is described in some detail by Henderson and 
PttkhuiSt (1984) and depends upon the addition ut' ,m isotopic tracer ot ‘spike* to 
the sample. I he spike contains a known concentration of a particular element whose 
isotopic composition is also known. It i known amount of spike and a known 
amount of sample are mixed, and the isotope ratio of the mixture determined, the 
concentration of the element in the -uuipli • .m he calculated. 

The method is parnetil.ii ly uschil in determining the abundances of REE at low 
concentrations, although four of the REE (Pr, Th, Ho and Tm) arc mono-isotopic 
and cannot he analysed by this method. The main disadvantage is that even with 
automated mass spectrometry the method is time-consuming and expensive and so 
is normally reserved for measurements which can be used to calibrate other more 
rapid methods. 

H P V.S a relatively new technique extending front the development of 
inductively coupled plasma emission spectrometry (Date and Jarvis, 1989). It is 
becoming increasingly accepted as a !*►*•! fur trace element and isotopic anal'. -• a» . 
result of the very low detection limits and good accuracy and precision. It can be 
used for analysing a wide range of trace elements, in a single solution, using 8 small 
awpV (Jenner ft til.. 1990) Ions arc extracted from the plasma through -a pinhole 
sized orifice into a pumped vacuum system and focused with an ion lens into a mass 
spectrometer. 

This is a less widely used analytical method in geochemistry but has been used in 
the analysis of trace elements. The method is described by Tay lor and (ionon 
(1977) and its usefulness was debated by Kronberg tt ul. (1988) and Jochum and 
Holman (1989) It is capable of the simultaneous determination of about 41) trace 
elements, has high sensitivity with detection limits of 1-10 ppb, requires small 
amounts of sample and has high precision and accuracy when the isotope dilution 
technique is used i i.2 5%). The sample is mixed with spiked graphite and 
hriquetted into rod-shaped electrodes. \ vacuum discharge is generated between 
the two sample electrodes. Elements are detected by mass on photuphtes situated in 
the^(deal plane of the mass spectrometer The mass spectra are analysed and ion 
intensities detenuined from line blackenings on the photoplatc, 


1 4.6 Electron microprobe analysis 

The principles of electron microprohe analysis arc very similar to those of X-ray 
fluorescence except that the sample is excited by a beam of electrons rather than an 
X-ray beam. Secondary X-rays are analy sed according to their wavelength, the peak 
area counted relative to a standard and intensities converted into concentrations, 
making appropriate corrections for the malm (Long, l%7), Energy-dispersive 
electron microprolx- analysis utilizes an energy v-s intensity spectrum (rather than 
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wavelength vs intensity) and allows the simultaneous determination of the dements 
of interest. This mode of analysts is more rapid but less precise than the wavelength 
method. 

Electron microprobc analysis is principally used for the major element analysis of 
minerals, although it is also used in the major element analysis of fused rock 
samples. The electron microprobc is not primarily a trace element instrument Its 
chief merit is that it has excellent spatial resolution ami commonly employs an 
electron beam of between I and 2 yim diameter. I u. 'ns that extremeU small 
sample areas can be analysed. The mutinc analysis of rock samples by the electron 
microprobc is restricted to the major element analysis of natural and synthetic 
glasses. A dcfocuscd electron beam is normally used in this application to minimize 
the problems of an inhomogeneous glass. The electron microprobc analysis of 
silicate glasses is of particular importance in the analysis of charges in cxpcriment.il 
petrology, although less commonly fused discs of rock powder are analysed for 
mnjur elements. Staudigd and Bryan (1981) have shown that tin-, latter .ip n 
gives results close to those for XRF analysis Bender tt u!, (1984) cited the standard 
deviations on electron microprobc determinations of basalt glass compositions using 
a 35 pm beam as Si<>, (lf.3lf%>, \l,C), (If lh%). l it), <I~MM %). 1-VO (If I - ' 
\lgO (0.05%), CiaO (0.20%); Na^O (0.05%). Detection limits may be extended 
into the trace element range by using long counting times and precise background 
measurements (Mcrlct and Ilodinicr, 1990). 


1.4.7 The ion mrcroprobe 

Ion microprobc technology was commercially developed in the late 1960s, but oniy 
in the last five ro ten years has it had any impact upon geochemistry. r I“hc ion 
miernprobe combines the analytical accuracy and precision of mass spectrometry with 
the very fine spatial resolution of’the electron microprobc. It is currently used in the 
fields of geochronology, stable isotope geochemistry -and trace element analysis, and in 
the study of element diffusion in minerals. Reviews of the method ami it- .:pplk .m. 
.ire given by Reed (1989) and llimun (1990). A finely focused beam of oxygen ions 
bombards an area of the sample (conventionally 20-30 pm in diameter) and cause* 
secondary ions to be emitted. The ionization process, known as sputtering, drills a 
small hole in the surface of the sample The secondary inn mass spectrum is anal'. >cd 
and used to determine the isotopic com position of the sample by secondary ion mass 
speclmmetry (SIMSf. Thru- are, however, great COaflforil ics in refiling the ((OOfldlf) 
ion spectrum to the composition of silicate materials, and much of the time between the 
original development of ion microprobc technology and its application in the earth 
sciences was spent resolving these problems. 


1,5 Selecting an appropriate analytical technique 


Choosing an analytical technique in geochemistry depends entirely upon the nature 
of the problem to he solved. It is important to know what elements arc to be 
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analysed, approximately what their concentrations are expected to he and how 
precise the results need t»i he- Additional cimsiduaiiwis stub as him mans -.mHi 
are to bt analy sed and the speed at which the analyses can he made may also be 
relevant. 

In major element analysis the choice is between X-ray fluorescence and 
inductively coupled plasma emission spectroscopy, For XRF analysis the sample 
li ■ to In; prepared as a fused glass head whm-.i'. in l( P anaKsis the sample has to 
be in solution. The KIP method is extremely last, although the XRF method is 
more precise (Thompson and Walsh, 1983). 

For trace dement aiuhri*. tim e is much more choke and the following methods 
arc available XRF, IN A A, R\ \ NAS, UP, II )\1S, SSMS with the possible 
addition of [C P MS. Taking first the question of which dements arc to he 
analysed, the XRF and the IC.P methods arc the most versatile, combining u wide 
range of elements with good precision and low detection limits lucim-nts lighter 
than Na, however, cannot be determined by XRF and either the NAS or IC.P 
method must be used. Elements which are present in low concentrations require 
analytical methods with low detection limits such as INAA* RNAA, IDMS and 
SMSS. For the commonly sought rare earth element group, IDMS is the most 
precise although it is lime-consuming and nor all members of the group can be 
analysed by this method. RNAA also produces very precise results at low 
eonccniMi • 11 s Orhci im tlw-iK , m ready in use require the separation of the REE 
I", inn exchange tethot s prioi to dialysis, and but! tli, 1C,l" i letlv J (Walsh ft 
1 *>K 1; /.aehmann, 1988; Roclandts, 1988) and XRF analysis (Robinson ft at, 1986) 
yield good results. 

Isotope ratios are always analysed using a form of mass s pe c trometry. 


1.6 Sources of error in geochemical analysis 


Erroneous analytical results may arise for a variety of reasons and these arc briefly 
described. 


1.6.1 Contamination 

Contamination during sample preparation can be a serious source of error in 
geochemical analysis. This is most likely to occur during crushing and grinding and 
may arise either as cross contamination from previously prepared samples or from 
the grinding apparatus itself. Crms contamination can he eliminated by careful 
cleaning ami In precuntominating the apparatus with the sample to be crushed or 
ground Contamination during grinding of the sample can only be controlled by the 
nature of the grinding surface For the highcst-precision analyses grinding should 
be carried out in agate, although this is delicate and expensive. Further, even agate 
may introduce occasional contamination (Jochum ti at, 1990). Tungsten carbide, a 
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commonly used grinding material in either a shallcr box or a ring mill, can 
introduce sizeable tungsten contamination, significant Co, T« and Sc and rrace 
levels of \b < Nisbet cl 4 iJ. t 1 Hickson and Juras, 1986; Norman <7 at., 1989; 
Jochum a at ., 1990). In addition, the spectral liius f> r \V overlap other dements 
and can spuriously enhance concentrations unless this is recognized C hrome steel 
introduces sizeable amounts of Cr and Fc, moderate amounts of Mn and trace 
amounts of Dy. and high-carbon steel significant Pc, Cr, I u. Mn. Zn and a trace of 
Ni (Hickson and Juras, 1986). 

Other sources of contamination are in nature, when ihc sample is lightly coated 
with deposits from groundwater or seawater solutions. This max be remedied In 
leaching the rock chips after splitting but before powdering with 1 M HQ for a few 
minutes, Contamination from impure reagents used in sample dissolution and 
preparation may also be important, even when using ultra-pure chemicals \ 
measurement of the level of contamination from this source can he made by 
analysing the reagents themselves in the dilutions used in sample preparation, and 
determining the composition ol the ‘blank' 


1.6.2 Calibration 

All the methods of aiuh s described above, with the exception of some of the mass 
spectrometry applications, measure concentrations relative to a Standard of known 
composition or to a calibration curve, drawn on the basis of standards of known 
composition. The standards used in the construction of calibration curves are either 
nin .i pure chemical reagents or. where matrix effects are important in some rock 
samples, well-analysed in-house samples and international reference samples 
(Govindaraju, 1984; Abbey, 1989), In either case the standards should be analysed 
using the most precise technique possible. Clearly the accuracy of the final analysis 
depends upon the accuracy of the standards used in calibration and systematic 
errors can easily be introduced, 


1.6.3 Peak overlap 

In most analytical techniques used in geochemistry there is little attempt to >ep.irate 
the element to lie analysed from the rest of the rock or mineral sample, The only 
exception is in mass spectrometry. Thus there is the possibility of interference of 
spectral lines or peaks so that the value measured is spuriously high due to overlap 
from a subsidiary peak of another element present in the rock. The effect of these 
interferences must he calculated and removed. 


1.6.4 Detecting errors in geochemical data 

Errors in one's own data can he detected by running well-analysed in-house or 
international standards through the sample preparation and analytical system. 
Errors in published data arc more difficult to spot unless the author has cited values 
for international reference standards. 


Chapter 2 


Analysing geochemical data 


2,1 Introduction 


Over the last 20 to 20 years there has developed a large body of literature im the 
, .,l -r. ,il u.ihneill US gftHlicmiaU dm. Sonic of this literature is in the turn- 
warnings to the geochemical cummunity that the.r practices arc not sufficiently 
s:.it:siiciil1v -imm s, t Irlirr \: :• .iu concerned with improving -.he statistical 

techniques current amongst geochemists and they provide methods which arc more 
appropriate to the peculiar properties of some geochemical data. Unfortunately, 
there is a tendency to leave the whole subject of the statistical treatment of 
geochemical data ho the experts* and consequently a large part of this literature is 
ignored by most geochemists. This may in part be because the journals in which the 
papers are located are specific to mathematical geology. Another reason, however, is 
that mathematical geologists tend to write in order to communicate with other 
mathematicians rather than with geochemists. Whatever the reason, the net effect i» 
that lor a long time geo-statisticians have been advising geochemists in the practice 
of their art ,iml vet for the most part their words have seemed irrelevant and have 
gone unheeded. 

The purpose of this chapter, therefore, is to draw to the attention of geochemists 
some of the issues which our statistician colleagues have raised and to evaluate these 
issues in the context of presenting and interpreting geochemical data. This is 
not, therefore, a thorough review of statistics as applied to geochemistry, for that 
would require a twjok in itself (see tor example lac Maitre, t'/82; Rock, l £ .WHa); 
rather, ir is a discussion of some areas of statistics which directly impinge on the 
matters of this book. Brief definitions of the statistical terms used are given in 
Box 2,1. 

The central problem which we have to address in considering the analysis of 
geochemical data is that, unfortunately for us as geochemists, our data are of a 
rather unusual kind. We express our compositions as parts of a whole, i,e. as 
percentages or as parrs per million. These data are not amenable to the same ty pe of 
analysis as are unconstrained data, and computer packages arc not normally 
designed for the peculiarities of geochemical data. The particular nature of 
geochemical data raises all sorts of uncomfortable questions about the application of 
standard statistical techniques in geochemistry. 
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Box 2*1 


The definition of some statistical terms 

Arithmetic mean x 

The arithmetic mean of a sample x l;u for the population* is 
the sum of the measurements divided by the number of 
measu re meets rz 

x * l x, + x^.rx fl )/n« Zx/n 

Closed a»ray 

A closed array is a data array where the Individual 

* 

variables are not independent of each other but arc 
related by, for example, being ox pressed as a percentage 
(Section 2-6). 

Coefficient of 
variation C 

Tho ratio of the standard deviation s to the mean i. 

Compositional data 

Data which arc expressed as pan of a whole, such as 
percentages or parts per million, Compositional data form 
a closed array. 

Cor relation coefficient 

Pearson's product-moment coefficient of linear correlation 
p measures the strength of tho linear relationship between 
two variables * and ym a population An estimation of the 
9ample correlation coefficient r is given by 

covariance <x,y) 
vlvarlancelxi . variancefyfl 

(S«« Eqns (2.11 rmd (2,21). The Spearman rank coefficient 
of correlation r, is calculated from the difference -n rank 
order of the variables (see Eqn |2.3|i 

Covariance 

The product of the deviation from the mean for two 
variables x and y. averaged over the data-set 

„ £bc - *)<y-y) 

* y ~ n - 1 

Where all the covariances of a data-set arc calculated they 
are repesented as a covariance matrix 

Degrees of freedom 

The number of 'free' available observation?. Ithe sample 
sire pi minus the number of parameters estimated from 
the sample. 

Geometric mean, x G 

The fflh root nf the product of positive values X,, X, * 

x* 

* Q . fX, X x, h X, .., XJ> 

Median 

The median value divides the area under a distribution 
curve into two equal parts. An estimate of the median fs 
the value in the sequence of individual values, ordered 
according to size, which divides the sequence in half 

When the distribution is normal the median and lhe mean 
are the same. 

Mode 

For unimodal: distributions the mode is the value of the 
measurement which has the greatest frequency. When 
there is a normal distribution the mode Is the same as the 
m«an, 

Normal distribution 

The normal or Gaussian distribution of samples is 
charactered by a symmetrical bell shape on a frequency 
diagram, 





Average* 


Be* 2 1 

(continued) 




Null hypothesis 

The hypothesis that two populations agree with regard to 
some parameter is calied the null hypothecs The null 
f-ypothesis is usually brought in to be rejected at a given 
level of probability. 

Null value 

The value aasignod to a parameter in the null hypothesis. 

Population 

A set of measurements of a specified pfoperty of a group 
of objects Normally only • sample of the population is 
studied. The symbols representing the population are 
roproso^tod by Greek tollers whoroas those relating to the 
sampJe are given in Roman tottering, 

Rorjrcssion 

A measure of the intensity of the relationship between two 
variables, h is usually measured by fitting * stralgt n i - li¬ 
the observations. 

Robust test 

A test is robust relative to a certain assumption rf n 
provides, sufficiently accurate results even when th a 
assumption is violated 

Significance test 

A measure of the probebilily level at which a nu 1 
hypothesis is accepted or rejected usually at (he 5% 

(0.05) or 1 % <0.0 ll (aval. 

Spurious correlation 

A correlation which appears to exist between ratios 
formed from variables where none exists between the 
original variables 

Standard deviation 

The spread of values about the mean. It is calculated as 
the square root of the variance: 


s • VHx - xl? t <n - 1) 


In a normally distributed sot of numbers 66.26% of them 
will He within one standard deviation of the mean and 
95.46% will lie within two standard deviations from the 
mean. Tht standard deviation of lire population is o. 

Variance, s* 

A measure of (he deviation of individual values about the 
mean: 

8 1 - £<x- £1*/ <n - 1) 

The variance is the square of the standard deviation. 

Averages 


Geochemists frequently use Average values' in order to prevent their data in 
: in in ii. ii 11 -lit: In addition t is •umctiircs n-u m l i • i •_ H its 10 tori 
with the composition of average rocks. For example, avenge values of mid-ocean 
riil.-e and al dundHtie mcnerorites ire frequently um.iI as normalizing values 

in trice element studies. Averages arc also used in analytical geochemistry where a 
signal may be measured a number of times and rli. n an avenge taken of the 
measurements. 
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Ruck (1987a, 1988b) has drawn attention to the way in which geochemists 
calculate average values and has shown that the methods most frequent ly used arc 
in fact quite inadequate. The most commonly used summary statistic is rhs 
arithmetic mean, with the standard deviation sometimes quoted as a measure of the 
spread of the data. Less frequently used arc the geometric mean, the median and 
the mode These terms arc defined in Box 2.1. 

The arithmetic mean is an inappropriate choice ;:s a nu nod of averaging 
geochemical data for two principal reasons. Firstly, it assumes that the sample 
population is either normally or log-normally distributed For many geological data¬ 
sets this is not the ease, nor is there any a priori reason why it should be so. The 
normality of geochemical data, therefore, should never he assumed. Secondly, many 
geochemical data-sets contain outliers, single values completely outside the range of 
the other measured values. Outliers occur as a result of contamination and by the 
introduction of samples from other populations, ‘I hcv cause extreme distortion ro 
an arithmetic mean if nut screened out. 

Similar problems occur with estimates of the standard deviation and with the 
geometric mean; Rock (1988b) proposes that robust estimates of average values 
should be used instead of the mean. A robust statistical test is one which works 
even when ilie original assumptions of the test arc not strictly fulfilled. In the ease 
of average values, robust estimates have the advantage of being able to reject 
outliers and work well with non-normal small data-sets. Robust estimates of average 
values arc calculated using the computer program of Rock (1987a). 

This is all rather bad news for the geochemist, who has become used to a 
number of standard statistical deviio a\ ailabJc m computer packages and even on 
pocket calculators. Rock (1988b) emphasizes, however, that in the statistical 
literature, of the various methods used to assess average values, the ‘mean and 
standard deviation consistently performed (he worst*. An example front Rock 
(1988b — ‘Table 3) makes the point. The value quoted by Nakamura (1974) far La 
in chondritic meteorites Ls 0.329. However, the arithmetic mean of 53 samples is 
0.365 whilst the geometric mean is 0.329. Twenty robust estimates range from 
0.322 to 0.34, although of the three robust methods recommended by Rock, values 
are restricted to the range 0.322 to 0.329. The message seems to be that robust 
estimates are to be preferred. They also have the advantage that the calculation of 
v.-wr.il robust estimates allows outliers to he recognized from th, n- sistcncies 
between calculated values. 


’? 3 Correlation 


One of the most important questions asked by a geochemist when inspecting 
tabulated geochemical data is to enquire what arc die associations between the listed 
oxides and elements For example, in the list of analyses of tonalitic and 
rrnndhjemittc gneisses in 'Table 2.2, do the oxides CaO and AKOj vary together 3 Is 
there a linear relationship between k.O and \ijO? I his type of question is 
traditionally answered by using the statistical technique of correlation. 



Correlation 


23 


2.3.1 The correlation coefficient 


( in relation may be defined as a measure of the strength of association between two 
. variables measured on a number of individuals, ami is quantified using the Pearson 
product-moment coefficient of linear correlation, usually known as the correlation 
coefficient Thus the calculation of the correlation coefficients between CaO and 
.A 1.0, and K?0 and Sia.O can provide an answer to the questions asked above 
When, as is normal in geochemistry, only a sample of the total population is 
measured, the sample correlation coefficient (r) may he calculated from the 
expression 

_ _ covariance (jr^y) _ |2 || 

VTvariance (a) x variance (y)j 

where there arc n values of variable x (.r, ... *„) and of variable y O'i ■ ■ ■ .>'■)• 
An easier form for computation is 


CSCP 

V(CSSX.CSSY) 

where CSC.P (corrected sum of cross products) = £(*->') - Zfr).£(y)/H 
CSSX (corrected sum of squares for ,v) - X^r 2 ) - 2£(r) S(.t)/n 
CSSY (corrected sum of squares for j') - -(y 2 ) - X0')■-(>’J/'f 
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Values of r vary from -I to +1. When r “ +! then there is perfect sympathy 
between a and y and there is a perfect linear relationship. When r = -I there is 
perfect antipathy between v and y. If r - 0 then there ts no relationship between x 
and y at all. The value of r 2 is also useful, for it is a measure of the fraction of the 
uual variance of i and y that is explained by the linear relationship For instance, if 
the correlation coefficient r = 0.90, then r 2 = 0.81; that is, 81 % of the total variance 
is explained by the linear relationship. 


2,3.2 The significance of the correlation coefficient (/•) 

The sample correlation coefficient (r) is an estimate of the population correlation 
coefficient (p), Le. the correlation tli.ii in the total population of which i nlv i 

sample has been measured. 

It is important to know whether a calculated value for r represents a statistically 
significant relationship between x and y. That is, docs the relationship observed in 
the sample hold for the population 2 I Tic probability that this is the ease may be 
estimated for different levels of significance, usually at di ’ . (or 0,05) level or the 
1 % (0.01) level. (These values may also be expri-ssed as confidence limits, in this 
ease 95% or 99% respectively.) Estimates of this s > II I \ 

reference to .1 table of values for r (Table 2.1). For a given number of degrees of 
freedom (number of samples minus 2, in this case), values for r arc tabulated for 
different significance levels. The values represent the minimum values for rejecting 
the null hypothesis that the correlation coefficient of the population is zero (p = 0) 
at the given level ot significance. T wo sets of tables are given depending upon 
whether the sign of the correlation coefficient is important. The one-sided test may 
be used when the alternative to the null hypothesis (p = 0) is either p > 0 or p < 0. 
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Tabtf 2.1 


2,3,3 


Values far ihc correlation coefficient (r) above which it is considered statistically sipiWicant 
t'ai rhe I "•> nr Lfvd) tor j given numlwr nl J-.-eiccs of freedom (1 )!•')• 


DF Two-sided test One-sided test 
5% 1% 5 ”6 1% 


1 

0,997 

0.999 

0.988 

0.999 

2 

0.950 

0.990 

0.900 

0.980 

i 

0.878 

0.959 

0,805 

0.934 

4 

0.811 

0.917 

0.729 

0.882 

5 

0.754 

0.875 

0.669 

0.833 

r. 

0.707 

0.834 

0621 

0.789 

•t 

7 

0.666 

0.798 

0582 

0.750 

8 

0.632 

0.765 

0.549 

li.T! 5 

y 

0.602 

0735 

0.521 

0.685 

10 

0.576 

0.708 

0.497 

0.658 

12 

0.532 

0.661 

0.457 

0.612 

14 

0.497 

0.623 

0426 

0.374 

16 

0.468 

0.590 

0.400 

0.543 

18 

0.444 

0.561 

0378 

0.516 

20 

0.423 

0.537 

0.360 

0,492 


l>F Twu-sideJ test One-sided test 



5% 

1 % 

5% 

1 Q o 

25 

0.381 

0.487 

0.323 

0.445 

10 

0.349 

0.449 

0.296 

0.409 

35 

0.325 

0418 

0275 

0.381 

40 

0,304 

0.393 

0 257 

0.358 

so 

0.273 

0354 

0.231 

0.322 

60 

n.250 

0.325 

0,211 

0.295 

70 

0.232 

0.302 

0.195 

0.274 

80 

0.217 

0.283 

0.183 

0.257 

90 

0.205 

0.267 

0.173 

0.242 

100 

ft 195 

0254 

0.164 

u 

ISO 

0.159 

0.208 

0134 

II ISO 

200 

0 138 

0 181 

0 116 

II 164 

300 

0.113 

0.148 

0.095 

0.134 

400 

0.098 

0.128 

0,11X2 

II 116 

506 

0.088 

0.115 

0.074 

0.104 


* Data from Sachs (1484) 


The two-siilcd lest is used when p t- 0. For example, the data-set in Table 2.2 
contains 31 samples and the calculated correlation coefficient between CaO arul 
11,0- is 0,568 ( I I'h 1 . 3a). Inspection of tabulated values for r (one-sided Lestt 
shows that at the 5% significance level and 24 degrees of freedom (/i—2> the 
ul'iifaud value lor • s 0.301 Since the calculated value :• 5<-s- i\ u il. r* the 
tabulated value (0.301), the correlation cucltiucnr m ’lie sample is statistically 
significant at the 5% level- That is, there is 45% chance that the relationship 
observed in the sample also applies to the population, Hence, the null hypothesis 
that p = 0 is rejected. 


Assumptions in the calculation of the product-moment coefficient of 
correlation 

The Pearson product-moment coefficient of linear correlation is based upon the 
following assumptions: 

(1) The units of measurement are equidistant for both variables 

(2) There is J linear relationship between the variables. 

(3) Both variables should lie normally or nearly normally distributed. 

Assumption (3) is frequently regarded as an important prerequisite for linear 
correlation (e.g. Till, 1974) However, this ts not always practised (Sachs, I4S4) for 
strictly it is the variation of y from the estimated value of y fur each value of v that 
must be norm.ilK distibuted and rarely in the sample (Mipulution large enough for 
this criterion tu be satisfactorily tested. Nevertheless, when testing for the 
significance of r, ibr iI~m - If old be normally distributed. 
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Table 2.2 


M-ijor element d*tj for tnrulitic ind tmndhjemnk gneisses Irani the north marginal ww»e, 
Limpopo heir, Zimbabwe 


Kijci rm 

I 


3 

4 

5 

6 

7 

8 

9 

Hi 

It 

12 

13 

14 

IS 

16 

SirOj 

61,50 

r,2 is 

62-58 

62,54 

62,82 

63,19 

63,62 

63.71 

66,67 

1 . 

67.31 

67.63 

67.6ft 

67 89 

68.00 

68 55 

TiVi 

0.61 

i> 75 

0.56 

0.58 

0.61 

0.82 

0.61 

0.66 

0.72 

■ 

0JI 

0.47 

0.41 

0.37 

0.7H 

0,47 

Alp, 

15,S8 

1835 

IH 111 

16.02 

17,46 

16 66 

16.87 

15.81 

15.41 

1608 

18.37 

15.47 

1472 

15 72 

11.70 

t6.20 


7% 

4 6*1 

5,34 

6.64 

S.% 

6 16 

5.22 

5.53 

561 

487 

2.77 

4.44 

3.99 

2.45 

7.50 

3,73 

MnO 

a. is 

005 

009 

0.12 

0.0s 

0.10 

(1.08 

in. 

0.09 

0.07 

0.03 

0.08 

0.07 

0.05 

u. 10 

0.03 

M*0 

VGO 

1 M 

1 71 

2,56 

2.36 

1 98 

1,82 

2.49 

1 32 

1 24 

0.93 

1 60 

1 16 

0.64 

1.94 

1.13 

CaO 

4.% 

4.01 

4J& 

5.50 

5.70 

S2\ 

424 

5.01 

4.79 

3 99 

423 

4,38 

4 51 

2,66 

5,33 

4.24 

NajO 

442 

5 57 

fin) 

4.74 

4.19 

4.77 

4.94 

3.12 

4.01 

4 71 

5.75 

422 

4.01 

486 

3.43 

447 

L.O 

4 

0,lv2 

1 SO 

1.30 

1.22 

0.87 

1-28 

1.70 

1.99 

1.05 

t 44 

1.21 

1.02 

1.06 

?,IS 

0.54 

1.31 

PjO, 

0.28 

019 

0.20 

0.15 

0.22 

0-27 

Q.17 

0.19 

0.17 

0.10 

0.10 

0,0V 

0.09 

u.to 

U.I6 

D.U 

Sum i 

10020 

99 w irai m ion 20 loa 30 ion 40 

99,30 

98 HO 

99 90 100 70 101,00 

99 40 

97.70 

97.9(1 

99 50 100,30 

fetch No 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

so 



Sipj 

7D.05 

70.13 

70.91 

71.11 

71J4 

71.47 

7L87 

72Jil 

73.6H 

74.UH 

74.2? 

73 62 

"3.45 

77.H8 

78,44 


TrCt, 

0.32 

0.34 

0.34 

0.28 

0.26 

0,25 

0.37 

0.39 

0J3 

0.15 

0 18 

Oil 

0.12 

0.19 

0.14 


A1A 

15.93 

15.49 

15.11 

1683 

15.68 

14,82 

I- - 

14.15 

14.33 

14.63 

13.96 

13.32 

I3.S0 

11.04 

1104 



2.88 

3.51 

3.88 

192 

264 

3.04 

242 

3-16 

2.28 

1.49 

1.53 

1.95 

1.40 

3.4IS 

3.14 


MnO 

am 

0.05 

0.04 

0(H) 

0.05 

0.04 

0.02 

0.06 

002 

0,04 

tint 

0 05 

II IH 

004 

11.05 


MgO 

082 

1 36 

0.92 

(US 

0.68 

0.63 

0.4$ 

06R 

0.S3 

0J9 

0.32 

0,20 

006 

001 

001 


c*o 

3.11 

3,44 

3 S2 

2 94 

3 SI 

3.22 

3.26 

3.41 

2.87 

2.3ft 

2.17 

1 19 

1.09 

1.36 

1.04 


NuA) 

5.06 

465 

4 HO 

5 69 

4 7 

5.16 

5f)0 

3 90 

4 >7 

4 SO 

4.15 

4 23 

4.76 

4.78 

4.71 


k,6 

l.M 

1.42 

1.39 

1.60 

1.46 

1.04 

1.12 

1.75 

2.S3 

2.97 

2.76 

2.98 

325 

1,23 

1 75 


Pfiy 

0.12 

0.12 

015 

003 

Oil 

0.04 

0.14 

0,10 

0,07 

0.06 

0.05 

0.04 

0.04 

0.01 

0.07 


Sum 

10Q.J50 

11*1.60 1OI .20 IMUO 100.541 

99.70 I0D.J0 

LUO. 40 101.80 

I no. to 

W.40 

99**l 100.00 

99.WJ 10040 



2.3.4 Spearman rank correlation 


Sometimes geochemical data cannot strictly he used in product-moment correlation 
of the type- described above for thc> do not fulfil the requisite conditions. For 
example, some populations arc not normally distributed and others include outliers 
An alternative, therefore, to Pearson’s product-moment coefficient of linear 
correlation is the Spearman rank OOcflictfU of correlation, usually designated r v 
This t> pc of correlation is applicable to major or trace element data measured on a 
ranking stale rather than the equidistant scale used in Pearson’s product-moment 
correlation. The Spearman rank correlation met In irnr is calculated as follows: 


r *~ 1“ 


<,lir i 
N(JT - 1) I 


i2M 


w here D is the difference in ranking between the c- values and y -values and « ls the 
number of pairs, In this case die only assumptions arc that i and y are continuous 
random variables, which arc at least ranked and arc independent paired 
observations If the rank orders are the same then /> = U and r. = +1.0. If the rank 
older• .in die fever* of ca,.- ••tbci tli;it • - l 0 I h( -i • HfioUUC ol • tt-av 
assessed using significance tables for the Spearman rank coefficient of correlation 
(Tahlc 2_4) in a rim- n r, ro that described for product-moment correlation in 
Section 2.3,2 above. Table 2.3(b) shows the Spearman rank coefficients of correla 
don for the major element data of Table 2.2. In rhis instance, the calculated values 
do not differ greatly from the Pearson product •moment coefficient of correlation 
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Table 2J l ncljii<nt nun iuij- Iim the dan in TiIil J _ 


(a) Peunen cvffficmu **} <urrtfauna 


SIO, 

TiO> 

ALOj 

FcA 

MnO 

MjeO 

QiO 

NitO 

KjO 

I'A 

Sum 

s«o. 

1.000U 











TiO. 

-0.8394 

1.11000 










AIjO, 

-0.7468 

Q.4438 

] 0<)00 









FejO, 

-0.78441 

o.mi 

0.2267 

1.0000 








MnO 

-06233 

0.6410 

(MW! 5 

n.s7'«i 

1 0000 







Met) 

-4XS837 

o.7 m 

0.4543 

O.StMl 

0.8021 

1.0000 






C.0 

-41.8862 

a.*4.i7 

0.5680 

0.8225 

0.6415 

0,8617 

1.0000 





NijO 

0.0690 

-0,16X3 

0.4038 

-0.2565 

-OJU27 

-0.2165 

-4> \ m 

1.0000 




K-0 

0.45841 

-0.5244 

-4). 1708 

-0.6742 

-0 5O04 

•i (MS 

-4) 6727 

0,0173 

I 0000 



P.A 

-0 7919 

0,6639 

0 5049 

0.7H5S 

06756 

0.7700 

0.73O9 

-4J.G58* 

-0.4404 

1.0000 


Sum 

0.2071 

-O.I3V7 

0.0042 

-0.1360 

-0 1008 

-0.1 too 

-00864 

0,3163 

-0 0431 

0 0585 

l won 


<b) SptarMtn milt (Hffiatnt of fmrrttsiiem 



StO, 

TiOj 

AljOj 

Fc A 

MnO 

MfO 

c*a 

x*p 

KxO 

PA 

Sum 

s.o ; 

1.0000 











TiO, 

-0.8405 

1.0000 










Alp. 

-0.7801 

0.5)31 

1.0000 









Fc,0| 

-0.7964 

0.8750 

OJ700 

l.tXHXI 








MnO 

-0,0082 

06W» 

0.1170 

0.8586 

1.0000 







MjcO 

-0.9074 

D h.731 

0.581 K 

0.8HIC1 

0 7221 

1 .000(1 






CjO 

-O.S558 

0.0592 

05336 

0.8768 

07228 


1 (MW 





\i.O 

-0.0958 

-0 179* 

04H66 

-0.2289 

-0 Jl 14 

-0.1697 

-0.2297 

1.0000 




k : o 

0.4704 

-0 478 1 ) 

-0.1977 

-0.6624 

-41 5273 

-0.5205 

4)6*51 

I HISS'# 

1 0000 
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The particular advantages of the Spearman rank correlation coefficient arc 1 
they alone are applicable to ranked data, and (2) they arc superior to the product- 
moment correlation coefficient when applied to populations that are not normally 
distributed and/or include outliers. A further advantage is that the Spearman rank 
correlation coefficient (rj is speeds to t .ii;u!.m. ui may be used as a quick 
approximation for the product-rnmnem correlation coefficient (r). 


2.3.5 Correlation matrices 

Frequently a geochemical data-set will have as many as 30 variables. This means 
that there are "135 possible scatter diagrams that can he drawn for this one daia-sct 
It has been traditional, tfi dnr.. 1 . calculate the correlation cocfiidcnt for each pair 
ni v.m a hies ami pi< i m the data as a matrix (see Table 2,3), The correlation matrix 
may be used as an end in itself from which significant correlations may he 
identified, hut it may also hi the prelude to more sophisticated statistical 
techniques. The calculation of a correlation matrix will frequently be the initial step 
in the examination of a geochemical data-set. It is traditionally used to identify the 
most highly correlated element pairs prim to plotting the data on conventional 
scatter diagrams (see Section 3.3.2), Examples of the use of the Pearson product- 
moment coefficient of correlation arc found in Beach and Tamcv (1978), where 











Correlation 


27 


Tahtf U 


Significanceubk* for theSpeamun rank correlation codhcitnt for simple sire •»,as the III 'fe, 1 % 
jimIQ.I "n significance kvch{onc-uded tc*t)and the 20 %,2 "oamJ0.2 %significana!levels (two- 
sided ICSf)* 


One-sided rest 

JT 

10% 

1% 

0.1% 

4 

1.000 



5 

0.800 

t.000 


6 

0.657 

0.943 


7 

0.571 

0.893 

1 two 

8 

0,524 

0.833 

0,952 

9 

0.483 

0.783 

0.917 

m 

0.455 

0.745 

0.879 

12 

0.406 

0.687 

0.818 

14 

0.367 

0 626 

0.771 

16 

0,341 

0.5*2 

0.729 

IS 

0.317 

0.550 

0.695 

20 

0.299 

D.520 

0.662 

25 

0265 

0,466 

0.598 

30 

02441 

0.425 

0,549 

35 

0.222 

0.394 

0510 

40 

0.207 

0.368 

0479 

45 

0.194 

0347 

0453 

50 

0.184 

0.329 

0.4311 

CiO 

0 168 

0.300 

0394 

70 

0.155 

0.278 

0365 

80 

0.145 

0.260 

0.342 

90 

0136 

0.245 

0.323 

100 

0,129 

0.233 

0 307 


20% 

2% 

u 2 

Two-sided tc%i 


• I>4tu from Sadis (19X4) 


correlation matrices arc used to study the problem of dement mobility during the 
retrogress]'m of high-grade gneisses, and in Weaver <7 ul. (1%1), in a study of the 
trace element chemist r\ of a highly meiamurphosetl anorthosite. 

It must be noted, however, that whilst the correlation matrix is a very useful 
device and correlation, cwflicients arc useful statistical descriptors, we must be 
cautious about their use in geochemistry because of the very special nature of 
geochemical data (see -Section 2.0) x\s I shall show more fully below, the value of 
i correlation coefficient may not he in doubt but the petrogenetic meaning ascribed 
to that value is open to interpretation 


2.3.6 Correlation coefficient patterns 

Cmt and Clifford (1982} have proposed a way of presenting correlation coefficient 
data tm a suite of rocks in a diagrammatic form. Their method, which is purely 
descriptive, uses the Pearson product-moment coefficient of correlation and is an 
attempt to utilize and display graphically the large amount of information contained 
in a correlation matrix, without resorting to plotting the enormous number of 
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It Rb Ba Sr Nb Zr P Ti Y Zn Cu 


Fifurt 2.1 Correlation coefficient piiieriuj for Ti, Cu. k and Ha lor the Row Rami dokntes Data Inom 
the correbtiun inarm >d (.fix and Clifford 11982 Tabk 4). I In. similarity in the pattern* 
for k and lb implies some geochemical inherence 


possible i wo-clcmcnt variation diagrams. They have selected a range of geologically 
important trace elements which they have ammged in a somewhat arbitrary order 
and plotted them as the .r-axis of a bivariate graph. The correlation ciK'lrn/mii >< 
given element from 1 to +1 is plot ml as the y-axis and the positions of each of the 
plotted [hums are joined to form a correlation tocflkicnt pattern (Figure 2.1} 

The underlying assumption of the correlation coefficient diagram is that for a 
suite of lavas undergoing a single-stage process such as crystal fractionation, the 
imcrelemcnt correlation coefficients will be +1. -1 or 0. In this case values i 
aero and zero values may have significance in the sense that where a correl.ition 
might be expected and none is round same process must have operated to produce 
this result. Usually, however, the evolution of an igneous liquid is not a single-stage 
process and a number of different processes arc acting together. The greater the 
number of competing petrological processes, the greater the scatter is likely to be on 
a two-element variation diagram and the smaller the numerical value of rhe 
correlation coefficient. Thus correlation cocfficctll patterns un be used in two ways 
(1) for patterns for the same element, but for different rock suites, contrasting sets 
of processes may be identified, (2) for different elements in the same rock suite, 
rlu ii contrasting roles in the petro genetic processes may be identified. This is 
illustrated in Figure 2.1. 


2.4 Regression 


Often in geochemistry the strength of an association, as defined by the correlation 
coefficient, is sufficient information from which to draw petrological conclusions 
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Sometimes, however, ir is. also useful to quantify that association. This is 
traditionally done using regression analysis For example, in the instance of the 
association between CaO and AI 2 Oj in the tonalitcs and trondhjemhes of Table 2,2 
rhe question ‘If the CaO concentration were 3.5 wt%, what would be the 
concentration of AI»Oy?' ean be answered by calculating the regression equation for 
the variables CaO and ATOj. 

The quantiheadiin of an association is uimul our by lilting a siraiglu line 
through the data and finding the equation of that line. The equation fur a straight 
line relating variables x and ,>' is 

y = a + bx [2.4J 

The constant u is the value of v given • ; !■ iiiu: .it " t: t he constant 

A is the slope of the line and shows the number of units increase (or decrease) in > 
that accompanies an increase in one unit of r. The constants a and b arc determined 
by lilting the straight line to the data. The relation above is ideal and docs nut allow 
for any deviation from the line. However, in reality this is not the ease for most 
observations are made wirh some error; so often the data form a cloud of points to 
which a straight line must be titled. It is this which introduces some uncertainty to 
line-fitting procedures and has resulted in a number of alternative approaches. 
Regression analysis is the subject of a number of statistical texts (e.g. Draper and 
Smith, 1981) and a useful review of lining procedures in the earth sciences is given 
by "Troutman and Williams f 19S7). Below some of the more popular forms of 
regression arc described. 

2.4. \ Ordinary least squares regression 

Ordinary least squares regression is traditionally one of the most commonly used 
line-lining techniques in geochemistry because it is relatively simple to use and 
because computer software with which to perform the calculations is generally 
readily available. Unfortunately, it is often not appropriate. 

The least squares best-fit line is constructed so that the sum of the squares of the 
vertical deviations about the Line is a minimum. In this ease the variable i is the 
independent (non-random) variable and is assumed to have a very small error; y, on 
the other hand, is the dependent variable (the random variable), wirh errors an 
order of magnitude or more grater than the errors on r, and is to be determined 
from values of ,v. In this ease we say that y is regressed on x (Figure 2.2a). It is 
possible to regress x on y and in this case the best-fit line minimizes the sum of the 
i - -it T• i hm/int.il.,!. vitooilf about I 'ic liiiv Thrace 2 2b). IhifiMCIRtVO 
possible regression lines for the same data, a rather unsatisfactory' situation for 
physical scientists who prefer a unique line. The two lines intersect at the mean of 
the sample (Figure 2.2c) and approach each other ns the value of the correlation 
coefficient (r) increases until they coincide ,n I 

In the ease of ordinary least squares regression, w here y is regTevsed on x, the 
value of the intercept, it, may be computed from. 

a-y-bx [2.51 

where x and y are the mean values for variables x and y and b is the slope of the 
tine. The slope A is computed from 

A = riS/S,) [2.6] 
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Ordinary lea« squire*; 
neftr«^ik»n of y on x 



(a) 


Ordimrv l«M M)uiki 



Oniiiury Ic-m* 
rc^rcs^ion of x on y 



<b, 


Reduced nuu>r *xif 





Figure 2.2 Three types of regression line discussed in the text (ui (hdinary fcasi w|uan • u h , ;mh ul 
on or; in this east' the vertical divianec hciwcirn the [Kuril and the line is minimized, (bl 
Ordinary least squares ngresskm ut » i y, the horizontal distance between the point and the 
line k minimized. <c) Both ordinary lead squares hues pass r hr uni'll the means <r, ,y). ihc 
centroid of the data, (d> Reduced major axis regression; the line is lifted to minimize the area 
of the shaded triangles. 


where r is the product-moment correlation coefficient and 5, and S y arc the 
standard deviations of the samples of x- and y-values. 

Confidence intervals on the slope of the line b and the intercept ,i for a given 
significance level may be computed from the equations given by Till (l‘J74 p.V7}, 

Thus confidence interv als on values of y for a number of values of v may be used to 
tlr.iv, . cunlidence band on the regression line. This coiitidenoe band will be wider 
at the ends of the fitted line because there are more points near the mean values. 

I k'-piic iI> great usage in geochemistry, ordinary least squares regression has a 
number of disadvantages. Firstly, the method yields two different lines, neither of 
which may represent the actual relation between the variables. Secondly, it is 
assumed that the errors on the independent variable arc small, whereas errors on 
the dependent variable are much larger. Generally in geochemistry it is meaningless 
to define one variable as the dependent variable and the other as the independent 
variable, for both will have been determined by the same technique and arc subject 
to the same errors. The treatment of the errors in the measurement of x and y has 
given rise to a number of alternatives to least squares regression. I hc third 
disadvantage is that least squares regression is chiefly used in a predictive sense - 
variable y is estimated from variable t. In geochemistry, however, regression is 
more commonly used to confirm the strength of association between variables and 
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to calculate the slope and intercept of j tine, 3Yi]liarm (1983) gives an interesting 
discussion of the misuse of ordinary least squares regression in rhe earth sciences. 

Thus, whilst an ordinary least squares line may be calculated as a first step in the 
regression analysis, an elaboration of or an alternative to ordinary least squares 
regression is needed lor most geochemical applications, Some of these alternatives 
arc reviewed below. 


2.4.2 Reduced major axis regression 

Reduced major axis regression is a more appropriate form of regression analysis for 
geochemistry than the more popular ordinary least squares repression. The method 
ikcmucL and Haldane, 1950} is based upon minimizing the areas of the triangles 
between poinrs ami rhe best lit Line (Figure 2.2d). 

The slope A of the reduced major avis line is given by 

A = ± {S/S,) f2.7| 

where and S y ore the standard deviations ol sample values I ,iml y and the sign is 
taken from the correlation coefficient. Thus, unlike ordinary least squares and least 
normal squares regression, the slope of the reduced majoi avis line is independent 
i>[ flic corrclatioQ coefficient r. The intercept a is taken from I£qn £2.5j above. 
Boiler (1986) comments that there is some difficulty in estimating the confidence 
limils Fur the reduced major avis line hut follows Moran (1971) in using Lhe 95 " > 
confidence Ixmnds of the two ordinary least squares lines as the 95 % confidence 
limits. Till (1974 — p.102) calculates confidence intervals in terms of standard 
deviations. 

In Figure 2.3 a comparison of regression lines is shown. Using the variables 
KcjOj and C-at J from '1'aUc 2.2 the ordinary least squares (regressing both x on y 
and \ on .r), and the reduced major avis methods arc used to fit straight lines to the 
data. The equation For each line is given. 


2 4.3 Weighted least squares regression 

\ more specialized treatment of data may require weighted least squares regression. 
This is necessary when some data points are less reliable than others and so arc 
more subject to error. In this case ddtcu nr weight', may be ascribed to each data 
point before performing the line fitting, ‘J’he weighting must be assigned by tin* 
researcher and is normally achieved by first calculating an ordinary least squares 
line and then investigating the residuals — the differences between the data and the 
ordinary least squares line. 

The weighted least squares technique is the most commonly employed method 
of constructing an isochron in geochronology (York, l%7, 1969) although in detail 
the different isotopic methods require slightly different approaches For example, 
Brooks et at. (1972) showed that for Rb/Sr geochronology the errors in the isotope 
ratios arc normally distributed and for ^Sr/^'Sr ratios less than 1,0 (the usual 
situation in whole-rock analysis) the errors are nut correlated. lit l*l> isoiopc 
geology, however, the errors between the lead isotope ratios are highly correlated 
and require a slightly different treatment (sec Yuri, 1969), 
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»i% F*iO> 

Ftfurf 2 > Throe different regression tines drawn for the same data with their regress win cquaiiunt (data 
taken from 'lahfc 2.2). '11k regression lines are: ordinary least squares regression ot t tm )■ <i 
on >0 dupe and intercept calculated from Kqns [2.5j and [2.6); reduced major axis {RM Vi 
— slope and intercept calculated from Kqns |2 7| and (2 >|; ordinary Inst square* regression 
of y on v {y on r) — slope and intercept calculated from Kqns {2.5] and [2.6]. 


2.4.4 Robust regression 

Robust regression is another more specialized line fitting technique and is another 
form of weighted least squares regression. Robust linear regression docs not allow ,i 
single data point such as an outlier to have a disproportionate influence on the 
computed table of the slope and intercept '1 his ;s important, for ordinary least 
squares estimates can be seriously distorted by the influence of one or two outly ing 
tallies. For this reason the data should he inspected for outliers. Outlying 
observations should be examined! to see if they are in error, although no point 
should be discarded simply because if is an outlier. Inspection for outliers may be 
carried nut visually using a scatter plot or with an exploratory data analysis 
computer program such as that described by Rock {1987a). 

In robust regression, outlying values are dovniweighted. Zhou (1987) gives an 
example of the Use of ffais technique in geochemical exploration where outtten 
(often anomalies and the object of such an exercise) may .mipir rlieir own 
identification hy distorting the results of statistical analysis. 


2.4.5 Some problems with traditional approaches to correlation am: 
regression 

\r the beginning of this section we asked questions about the association between 
pairs >f elements- ryj fi.il questions arc about the strength of association between 
oxides, for example, to what degree the oxides CaO and AljOj are associated in the 
data of Table 2,2, A more disturbing question, and one that is not usually asked, is 




Ratio correlation 


33 


to what extent is* the association between (iiO and ALOj controlled by the other 
associations in the data-set. For example, docs the fact that CaO correlat e v. .1! with 
SiO> affect in any way its correlation vviih AI»Oj? 

Traditionally geochemists have looked at the relationships between pairs of 
dements in isolation from the other members of the data-set by plotting a Urge 
number of bivariate variation diagrams or by constructing a correlation matrix of 
Ik- type described above. Yet the nature of geochemical data is that they are 
multivariate, i.c. sinmli.im-out' measurements have been m.ult more than one 
variable. In other words, geochemists have tended to use a bivariate appr<u. Ii j.. .1 
multivariate problem. This is not to say that bivariate analysis of the data is totally 
useless, and parameters such as rhe correlation coefficient can be used as sample 
descriptors. Mure appropriate techniques arc therefore those of multivariate 
analysis, and many of the methods arc described in some detail lor the petrologist 
by Le Maiire (1982). 

This approach is not described in this text for there is a still more fundamental 
problem, and one which is not resolved directly by the application of multivariate 
techniques. This is the problem caused by the summation of majoi element analyses 
to 100% the constant sum problem The statistical difficulties resulting 
• 1 mi h 11 ■' > .11 an f u mi I '. I an diset • d ■ < w in 

Section 2 . 6 . 


2.5 Ratio correlation 


One specialized application of correlation and regression is in ratio correlation. The 
correlation of ratios can lead the user into a great deal ot trouble and should 
normal I v he avmd f he exception is in geochronology, and this is discussed in 
Section 2.5J below. The dangers of ratio correlation in geochemistry have been 
documented by Hurler (1982, I [ 186) and Kollinson and Roberts (1986) and arc the 
subject of a text by Chaves <1971) A summary of the arguments is presented below. 

Given a set of variables \ k , Y>, Xj ... which show- no correlation, ratios formed 
from these pains which have parts in common such as X t /X 2 vs Yj/A\, Yj/Aj vs 
A'j/A'j, or A'| vs A' ( /A ' 2 will be highly correlated. This was first recognized by 
I'rai -.on i 896) in du c infeext of si pie .matomic.il measurements; and hm ght to 
the utn-Ti .ci v geologists bv C‘ .is (19*9) I'm the ease where W\, is plotted 
against Yj/Xj Pearson (1896) showed that a fust-order approximation for the 
correlation coefficient r is given by the expression 

r r u C|Cj - r ti C^Cy - r^CjCj + Cf 

. V(C\ + Ci~ 2r l2 C 1 C 2 ).\/(^ + Cf - 2r 2 ,C,C,) 

where r\y is the correlation coefficient between variables \ ( and V 2 and Cj is the 
coefficient of variation (the standard deviation divided by the mean) of variable A' 3 , 
etc. This expression holds for small values of C (< U.,>) and when the relative 
variance of X 2 is not large and when the absolute measurements arc normally 
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Fi^urt 2.4 {a) Bivariate ploi of N'ljO vs K,0 from the tl-ita prevented in Table 2.2 - the cur relation 
coefficient of • 11 1 17-> i not significant at 99.9%. (b) Bivariate plot of the molecular 
proportions of Na/Ti vs K/Ti for the same data illustrating the effects of spurious 
correlation (r ~ 0.8853). 

distributed. The more general form of this equation for A [/A’ : vs A^/A, is given 
by Chaves (1971 — p. II) 

If the variables A' t , X 2 , Xj, arc uncorrelatcd (i.e. r i2 = = r i.t ~ 0) anil the 

coefficients rif v.iiiiitii.n are all the same (i.e, Cj = C* = Cj) then the expression 
reduces to 0.5- Thus even though the variables A',, A%, A ; are uncorrelatcd, the 
correlation coefficient between the ratios A|/A‘? and V : / Y_, is 0 5 . In the um 
where ,Y|, A* and Aj arc uncorrelatcd, C| and arc equal and G\ is three times 
their value, then the expression reduces to 0.9. These correlation coefficients arc 
spurious correlations for they appear to indicate a correlation where none exists 
between the original variables. This is illustrated in Figure 2,4, where Na*0 
concentrations arc plotted against KiO concentrations (Figure 2.4a — data taken 
from Table 2.2). The points appear to be randomly scattered (although it might be 
possible to recognize two populations of data points) and they have a very low 
coefficient of correlation. If the weight per cent concentrations arc converted to 
molecular proportions and Na and K ratioed to Ti, it can be seen (Figure 2.4b) that 
the points are highly correlated, with a correlation coefficient of 0.8S52. 

In the light of these observations Butler (198b) argued that in the ease of ratio 
correlation the assessment of the strength of a linear association cannot be tested in 
the usual way. against a null value of zero. Rather, the null value must lx 1 the value 
computed for the spurious correlation (i.e. r in Eqn |2.8J above) and will therefore 
vary for every diagram plotted. An even more complex null hypothesis proposed by 
Nicholls (1988) is that the correLui >r . ■ w 11 in t < t the. data-set is cumpared with 
that for a set of random numbers with a similar range of values, means and 
variances as the dala-sc! under investigation. This is not, however, a fruitful 
approach. 


2,5.1 An example of the improper use of ratio correlation — Pearce element 
ratio diagrams 

An example of the misuse of ratio correlation can he seen in the molecular 
proportion diagrams of T.II. Pearce, more recently called "Pearce element ratio 
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diagram'.’ or ‘Pearce diagrams’. These diagrams require the plotting of ratios of 
oxides recast as cation quantities on an X- Y graph. The ratios have an element in 
common, usually a common denominator (Peirce, 1968, 1970) Pearce diagrams 
were originally developed to avoid the effects of closure inherent in plotting 
percentages, the conventional method of displaying major element geochemical 
data. This is not a trivial problem and is discussed in some detail in Section 2.6 
below. More recently users of Pearce diagrams have claimed that they can be used 
to discriminate between rival petrological hypotheses and identify geological process 
(Russell ft at, 1990; Ernst tt at, 1988). 

Pearce dement ratios have enjoyed a limited but varied use in petrology', 
although it should be stressed that the spurious nature of ratio plots mates the 
conclusions drawn from these diagrams at least doubtful and more commonly plain 
wrong for it is impossible ro disentangle any geological effect from the spurious 
correlation effect The most popular applications have been in identifying the 
fractionating phasefs) in igneous suircs and in identifying mobile elements in altered 
volcanic rocks, particularly in altered basalts and kotnatiites. They have also been 
used in pctrogcnetic studies to .till in the identification of mantle phases influencing 
the chemistry of partial melts and in identifying participating phases in crystal 
fractionation, \ variant of this latter use has been to investigate mixing between 
crystals and melt using a Pearce element ratio diagram btrajae these diagrams 
generate a straight line. Pearce element ratio diagrams have also been used in 
mineralogy to identify atomic substitutions in mineral lattices. 

The underlying assumption of Pearce diagrams is that in a system undergoing 
change any element which remains constant during the geological process under 
investigation may be used as a standard against which the change (in the other 
elements) may be measured In the case of Pearce diagrams the constant element, or 
conserved element as it is often called, becomes the ratioing element .inti u : s 
chosen because of its assumed constancy in the system under investigation. 
I fowtver, regardless of the geological logic which may underlie ’ In -t diagrams, the 
fact remains that they are ratio plots and are subject to the peculiarities of data 
presented as ratios. Thus one cannot escape from the problem of spurious 
correlation. 

V second property of Pearce diagrams w hich is claimed by their adherents is that 
the slope of a trend on a ratio plot is of significance in discriminating between ilv.it 
hypotheses. I’m example, it is thinned that it is possible to discriminate between 
olivine and orthopyroxene fractionation in a basaltic magma from the slope of the 
regression line on a ratio plot. In other words, the slope is a function of the 
stoichiometry of the mass transfer process (Russell et at, 1990), Thus different 
slopes identify different mass transfer processes However, this argument too is 
flawed, tor regression lines drawn through the data have incorrect slopes. This is 
because, m the case of" ordinary least squares regression, the slope of the line is 
directly related to the correlation coefficient (Fqn |2.6|), which in this case is 
spurious. The slopes cannot therefore be used with any confidence to infer 
petrological processes. 

Some authors have sought to ctrcumvenr the problems of ratio correlation by 
transforming their data into logarithmic form. Unfortunately this also docs not 
solve .triy problems for the problems arc: preserved even as log-ratios (sec Kenny, 
1982; Rollinson and Roberts, 1986). 
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It is the variability with regard to its own mean, in the common dement in 
Pearce dement ratio diagrams, that gives rise to the potential 1> spurious nature of 
such diagrams. Spurious correlations arise primarily as a function of the means, 
standard deviations and correlation coefficients of the unratioed elemental data set, 
Small variations in the concentration of the ratioing element give rise to large and 
similar variations in both ratios of the Pearce plot. These elements often have .1 
large coefficient of variation contributing 10 a high value for r , the spurious 
correlation coefficient. 


2.5.2 Application io trace element diagrams 

A number of demcnt.il plots of trace elements are presented as ratio pints of the 
form Vj/A\ vs AVA'j, \| w V|/ Yi nr A’| vs A >/A t and arc all subject rn the 
constraints of ratio correlation discussed aSn 1 . i- In some cases the trace dement 
diagrams arc designed only for classification pm poses Inn, where linear trends are 
important for perrogcnctic interpretatiun, then the problem of spurious correlation 
applies. In this case (he plots should be considered carefully and ideas tested on 
alternative plots before any |ietr»logical conclusions arc drawn from the data. 


2.5.3 Ratio correlation in isotope geology 

Ratios with a common denominator arc the staple diet of much of geochronology 
and isotope geology and the statistical validity of Rb-Sr isoch urn diagrams was 
questioned by Chaves (1977) and discussed more fully by Butler (1982) a rut Denison 
(1982), Butler (1982) pointed out that in the case of Rb-Sr isochron diagrams w here 
the rsoiupi rat ■ Sr/ v 'Sr is plotted against ^Rb/^Sr, the presence of a common 
denominator (^Sf) Should raise the suspicion that some or all of the observed 
variation on the scatter diagram may be due to the effects of having formed ratios 
with a common denominator'. Dodson (19,82) responded to this argument by 
showing that isotopic ratios such as v ’Sr/ ,v 'Sr arc never calculated from 
independent measurements (unlike ratios formed from major dement oxide pairs). 
Rather, they arc a directly measured property of the element under consideration, 
unrelated to the amount sampled, and can only he attend in a flatted number of 
ways, the most important of which is radioactive decay. Dodson proposed the null 
hypothesis for isotope geochemistry that ‘variations in 1 lit- nu.^utvit isotopic 
composition of an element are unrelated to its concentration ur to any other 
petrochemical property of the materials sampled’. Me showed that if the null 
hypothesis is true then the expected value of the ratio correlation coefficient is zero 
and that isochron diagrams are nut subject to the common denominator effect. 

A related problem in isotope geology is the correlation between the ratio ®*Sr/ v, Si 
and ^'Sr concentrations. In this ease (provided there is no analytical error) the 
correlation is most likely to result from the random mixing of two uniform sources 
uf Sr with different isotopic composu hum although there is also the possibility that 
the observed correlations have arisen as a consequence of the common denominator 
effect resulting from ratio correlation, 
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2,6 The constant sum problem 


Geochemists ire used to expressing the major dement compositions n! rocks .mil 
minerals .is percentages, so that the sum of the major elements v.ill always be about 
100%. This has to be, simply because there is no other way of presenting a 
chemical analysis in a form which can be compared with other analyses. This 
standard form, which is universally used hy geochemists for both rock and mineral 
analy ses, is a source of much grief to statistician*, w ho fur 30 years have been 
informing geochemists that they are working in a mine field of spurious correlations 
and that their interpretation of major and trace element chemistry is potentially 
unsound. Data expressed as par! of a whole (percentages or parts per million) arc 
described us compositional data 

In brief, the problem is as follows. Percentages are highly complex ratios 
containing variables in their denominators which represent all the constituents 
being examined. Thus, components of percentage data are not free to vary 
independently. As the proportion of one component increases, the proportion of 
one or more other components must decrease. For instance, the lirst sample in 
Table 2,2 contains hi.5 % silica ami so the value for the second variable (TiOj) is 
not free to take any value but must be restrained to equal to or less than (100 — 
61.5) %. The next oxide (for example AliO ; ) is further restrained, and mi on l his 
has a number of effects on the data, Firstly, it introduces a negative bras into 
correlations. This may be illustrated as follows. If one component has a significantly 
higher value than all the other components such as SiOj — then bivariate 
graphs of SiOj and the other components will show a marked negative tendency. 
T his attribute of percentage data is fully explored by Chaves (1960) and is 
;iIHi .i i .•■. i iii j ;urc 3.15. Secondly, the summing of analyses to 100% forces a 
correlation between components of the to XI The problem has been illustrated 
by Mcisch (1969), who demonstrates that an apparently significant correlation 
between two oxides may have arisen through the closure process from an actual 
correlation between two other oxides. These induced correlations may or may not 
conceal important geological correlations. Stated in another way, the null value for 
the correlation coefficient for variables from a percentage array is not the visual null 
value of zero. The problem for geochemists is that what the null value should be in 
these circumstances is not known. In terms of correlation theory the visual criterion 
of unreUtednes-s nr independence does not hold, nor are the variances and 
covariances of the data-set independent. 

A third consequence of percentage formation is that subcompositions, frequently 
used in variation diagrams such as the AKM diagram, do not reflect the variations 
present in the "parent’ data-set, Aitchisnn |I986 — 'Fable 3.1) shows that the 
correlation coefficient between pairs of variable* varies substantially in subsets of a 
data-set and that there is no apparent pattern lo the changes. In addition, 
subcompositions have variances which show different rank orderings from those in 
the parent data set For example, in the subset of data APM (Na»0+K>O, 
FcO 0lJ . ; ,. t MgO) the variances may be A > F > M, but in the parent data-set the 
variances may be F > A > M. 

A normal percentage army of major element data is described by Chaves (I960) 
as ‘closed’ (Afachison, 19% and elsewhere, uses tin » n compositionu I i 
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closed array or data-set has inherent!} the possibility of non-zero correlations. The 
implication of a dosed array is that there exists behind it an open array (“basts’ in 
the nomenclature of Aitchison) from which these data have been derived. This open 
array is nut subject to the constant sum effect and would be much easier to treat 
•i : 1 ' 1" •••-■.; 1 , 1'V j'l 'Him !'•[ • -h. 'Iii-'I • ' ' • • li.u.c no .im.cMIO ht 

i ] ,u .ii a; and often sve cannot envisage wh.it it is like 

2 6.1 

The consequences of closure 

CorrfUtinf 

compaufiotral 

data 

The principal consequence of closure for geochemistry is that correlation, 
frequently used to examine major and trace element interrelationships, can 
produced misleading results. Consider the data presented in Table 2.2. Here there 
is a strong inverse correlation between the wt % concentrations of SiO* and MjO. 
That there is such an association is beyond doubt and the strength of the association 
is shown by the high correlation coefficient (-0.8837) However, the cause of the 
association and hence its meaning is not at all clear because we are dealing with 
percentage data in which one constituent makes up more than hall of the 
composition and the other variable makes up a proportion of the remainder. There 
is inevitably therefore a forced association between the two. This problem can Ik 
demonstrated for major element plots, particularly those involving silica. However, 
it applies more generally to major and trace element data (for both arc expressed as 
fractions of a whole), for forced correlations are a properry of compositional data 
(Butler, 1986; Skala 1979). 

The means of 
ctmpQSitwnai 
data sets 

\\ oronow (1990) and W oronow and Love (199(f) have argued that a second 
consequence of closure is that the means of percentage (and ppm) data have no 
interpretative value. They show that an inlinite number of passible changes can 
explain an observed change in the mean of compositional data. Thus it is impossible 
to produce a meaningful statistical test to evaluate the similarities between means of 
compositional data This observation has important implications for approaches 
such as discriminant analysis, frequently used in geochemistry (sec Section 2.9). 

Invalid escape 
routes 

The problem of closure is not removed when the data is transformed into cations 
(Butler, 1981) nor is it removed when the problem is presented in graphical rather 
than statistical form. Furthermore, closure remains even when the constituents of 
an analy sis do not sum exactly to 1(H) %, through analytical error or incomplete 
analy sis, far ihere is always the category of‘others’ which can be used to produce a 
sum iif li’K) 

2.6.2 

Aitchison's solution to the constant sum effect 


Aitchison 1m addressed the constant sum effect in a series of detailed papers 
(Aitchison, 1981, 1982, 1984) and in a substantial text (Aitchison, 1986) in which he 
illustrates his worl with examples drawn from a number of disciplines including 
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geochemistry. Aitchison T s fundamental premise is that “'the study of compositions. is 
essentially oonccmd with the relative magnitudes 'it the ingredients rather than 
their absolute values (this) lads naturally to a conclusion that we should think in 
terms of ratios’ (Aitchison, t'Mib — p.65). This frees percentage data from their 
restricted region (a ‘simplex’ in the terminology of Aitchison) to spread more fn 1 T. 
though sample space. Thus when formulating questions about associations between 
variables in a geochemical data-set our thinking should he based upon ratios rather 
than upon percentages as has traditionally been the case. Aitchison goes on to point 
out that handling the variances and covariances of rarios is difficult- and that a 
mathematically simpler approach is to take logarithms of these values. Thus he 
proposes that compositional data should I* expressed as the covariances of (natural) 
log-ratios of the variables rather than the raw percentages. The calculation of log- 
ratios may seem tedious and unnecessary bui it has the consequence of freeing 
sample values from a restricted range to vary between t x . 

At first sight there appears to be some similarity between the method of 
\itihison quitted ih . tproval here an.I :lu ami ..irieatioi to.'-r'i. c hr <■ jiv 
criticized in an earlier section of this chapter. The two are the same inasmuch as 
both require the raking of ratios, hut there the similarity ceases. At the heart of 
Aitchison’s argument is the observation that you cannot correlate ratios, and yet this 
is an essential part of ratio correlation Rather, Aitchison's method involves pu: the 
correlation of log-ratios themselves but the structure of a log-ratio covariance 
matrix. 

In his I98h text Aitchison proves (for the mathematically literate reader) that the 
covariance structure of log-ratios is superior to the covariance structure of a 
percentage array (the ‘crude’ covariance structure, as it is termed in his text), The 
covariance structure of log-ratios is tree from the problems of the negative bias and 
of suheompositions which bedevil percentage data. In detail he shows that there are 
three ways in which the compositional covariance structure can he specified. Each is 
illustrated in Table 2,5. Firstly, it can be presented as a variation matrix in which 
the log-ratio variances arc plotted for every variable ratioed to every other variable, 
this matrix provides a measure of the relative variation of every pair of variables 
and can be used in a descriptive sense to identify relationships within the data array 
and in a comparative mode between data arrays, 

A second approach is to ratio every variable against a common divisor. The 
covariances of these log-ratios are presented as a log-r.itio covariance matrix, (The 
correlation coefficient between two variables v and y is the covariance normalized to 
the square root of rhe producT of their variances Eqn (2,l|). The choice of 
variable ns the divisor is immaterial because it is the structure of the matrix which is 
of importance rather than the individual values of the invariances. Nevertheless, 
this does give rise to ,1 large number of different solutions. This form of covariance 
structure is used by Aitchison {1986 — Chapter 7) in a wide variety of statistical 
tests on log-ratio data which include tests of normality and regression. An example 
of its use in testing the independence of subcompositions in pollen analysis is given 
by Woronow and Butler (1986). 

The final form of compositional covariance structure is centred log-ratio 
covariance matrix. In this ease the single divisor of the log-ratio covariance matrix is 
replaced by the geometric mean of all the components. This form is used with 
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Ik forms of diu presentation proposed bv \juhiwo (1 Vv>j 
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simulated data by Butler uid Moronon (|9Ji6 Appendix 2) and hn the 
conceptual advantage for the geochemist over the log-ratio covarbaot form that no 
one dement » singled out as the divisor. It w used h> Ailchivon in principal 
component analysts. Ltch of the three forms outlined it the same m the sense thjt 
they each determine the same covariance structure, but in a particular form of 
cum positional analysis one may be easier to use than another. 
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An example — 
basalt* from 
Ktlauea Ikt lava 
lake, Hainan 


The mlcrpretu 
lion aj fog-ratios 


\ lew multivariate procedures such as repression and principal component 
analysis survive the lop-ratio transformation tn a recognizable form, 

Aitchisnn’s method was rested with a suite of basalts from Kilauca Iki lava lake. 
Hawaii (Kollinson. 1992), These were chosen for their apparent geological 
simplicity. The chemical v aria blits in these basalts appears to lx- the product of 
mils one process - the fractionation of magnesian olivine (Fo $$ ) from a single 
batch of magma (Richter and Moore, 1%6). Percentage data presented in Table 3.3 
were recalculated as log-ratios using TiQ? as the common divisor and the variation 
matrix, the covariance matrix and the centred, covariance matrix were calculated. 
The conventional interpretation of these data using a correlation matrix indicates 
strong associations between almost all element pairs except for those involving Mn. 
Data inspection showed that: 

L flic variation matrix shows ih.it there is the greatest relative variation between 
MgO (indicative of olivine - the fractionating phase) and the elements 
excluded from olivine and concentrated in the melt — K, Ti, P, Na, Ca and 
At. 

2. The log-ratio covariance matrix shows that the greatest covariances are 
between the prime constituents of olivine (Mg-Fc-Si and Mn), the 
fractionating phase. Na, K. and P, which show very small covariances, .ire 
elements excluded from olivine and .ire concentrated in the melt 

3. The centred log-ratio covariance matrix shows negative covariances between 
Mg-K, Mg Ti, Mg P. Mg-Na and Mg-Ca, emphasizing the strong 
antipathy between Mg (in olivine) and the dements K, Ti, P, Na and Ca 
which arc concentrated in the melt The positive covariance between Ft and 
Mg is reflected in the strong association between Mg and Fc in the mineral 
olivine. In contrast the elements with very small covariances Si, Al, Fe, Mn 
and Ca show no strong association with most other elements. 


From the stud) of Kilauca basalts (Rollinson, 1992) it can he concluded th.il 
Aifehison’s log-ratio method yields results which arc geologically reasonable. Log- 
ratios and log-ratio matrices may be interpreted as follows. 

1 High values in a variation matrix will identify the element pairs which show 
the greatest variability. In igneous rocks this may be berween a crystal I i/iiu, 
mineral and the melt or between two or more crystallizing minerals. 

2 I ligh positive values in the two covariance matrices indicate strong associations 
between the elements and this is interpreted to mean that they coexist in the 
same mineral. 

3. Large negative values in the two covariance matrices tend to confirm the 
variability indicated in the variation matrix. 

4- Total variance may turn out to be an important indicator of the processes 
operating in a suite of rocks. 

\ final caveat should l>e added, namely that the methodology outlined here is 
verv sensitive tn non-normal, small data-sets 
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2.7 The interpretation of trends on triangular diagrams 


I t : .1 n-gulur diagrams may be seen as a special ease of the dosed array or constant 
sum problem (Chayes, 1971 — Chapter 4}, tor in preparing a imngular diagram a 
subcomposition comprising three components is selected from data :n the !• rm of 
cither an open or 4 closed array and is reformed as percentages of their sum That 
is, the data arc formed into a closed array. This then introduces the problems of 
induced correlations already discussed above Therefore, the interpretin' ot 
trends on triangular diagrams must he carried out with great care 

Butler las analysed the summary statistics of (aO-NajO-KjO and A-F-M 
diagrams for 114 igneous rocks from the Big Bend National Park. area. Feus 
(Butler, 1979 — 'Fables 1 and 2) and showed that the process of recasting the 
variables as percentages may dramatically change the statistical properties nf the 
data. It is possible that in the process of percentage formation (he rank order of the 
means, variances; and correlation coefficients may change so that, for example rhe 
variable with the smallest variance in the initial data-set may have the largest 
variance in the ternary data-set. He concludes that ‘given the fact that major 
reversals of variance can occur simply as the result of ternary percentage formation 
it should be reasonable to expect that at least parr of any trend is artificial'. 

This returns us to a now-familiar petrological problem that of disaggregating 
the statistical and petrological controls un a given trend, in this ljsc as projected in 
a triangular diagram. Butler (1979) recommends that it is unprofitable r. base 
genetic interpretations on ternary trends alone. 


2 8 Principal comport ant analysis 


Principal component analysis is ,i ttxhmquc for reducing the number of variables 
(separate oxides and trace elements) with which the investigator has to grapple it 
has the advantage that a large number of variables may be reduced to a few 
uncoirclatcd variables, so that a variation diagram (set Section .1.3) may contain 
iiit"n»i.uion riMNI a bfgC number Of \ at tables instead "I Uu . su.1 1 two Ml Ante 1 ' 
the other hand, there are two obvious disadvantages to this approach. One is that 
complex plotting parameters on variation diagrams are difficult to comprehend; 
secondly, one of the principal arts of geochemical detective work is to identify the 
roles that different elements play in elucidating geochemical processes 

The method is well described by Lc Mail re (1982). An original set of variables is 
transformed into a new set of variables called principal componrn _-i T;m: 
The new variables arc simply a more convenient way of expressing the same results 
and provide the optimum way of viewing the data. If only a few principal 
coordinates account for a high proportion of the variance then the remainder may¬ 
be discarded, and this reduces the number of variables under consideration. 
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Alkali volcanic rocks 
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Figure 2.5 First, second ami third eigenvectors from principal component aiulvvis plotted in two 
dimensions lo illustrate chemical difference* between alkali and subalkali rock series (frura Lx 
Maine, 1968} 

The method defines a new set of orthogonal axes called eigenvectors or Intent 
vectors. Rot instance, the first eigenvector is the direction of maximum spread of 
the data in terms of N-dimcnsional space. Ft is a 'best fit' line in it-dimcnsional space 
and the original data can be projected onto this vector using the first set of principal 
component coordinates. The variance of these coordinates is the first eigenvalue or 
latent root, and is a measure of the spread in the direction of the first eigenvector. 
For example, eigenvector I may be expressed as 

Eigenvector I = X|SiO» + ijTiOj + xjAUOj . . . 

where jf|, *>, xj etc., define the principal component coordinates. The method then 
defines a second eigenvector which has maximum spread at right angles to the first 
eigenvector, and so on. The eigenvalues are used to measure the proportion of data 
used in each eigenvector. By definition, the first eigenvector will contain the most 
information and succeeding eigenvectors will contain progressively less information. 
Thus it is often the case that the n’apmtv nt information is contained in the first 
two or three eigenvectors. Eigenvectors and eigenvalues may be calculated either 
from a covariance matrix (where the variables are measured in the same units, e.g. 
wt % or ppm) or from a correlation matrix where the variables arc expressed in 
different units The choice of method is discussed by Lc Mailro (1982 — p.llQ). 

The chief use of principal component analysis is in the production of variation 
diagrams and (his is illustrated by Le M .litre (1%8) where he describes the 
chemical variation within anil between alkali and subalkali basalts. He reduces nine 
variable major element analyses to three eigenvectors which define mure than 90 " t 
of the analyses The three eigenvectors (or latent vectors as they arc called here) arc 
plotted as a two-dimensional graph (Figure 2.5). 

Aitchisnn (1984 and I98h Chapter 8) describes how log-ratio data may be 
used in principal component analysis in preference to percentage data. 
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2.9 Discriminant analysis 


Discriminant aiiah-i, i\ .i |i<>wcrliil technique in clarifying samples into predefined 
groups on the basis of multiple variables. In geochemistry, discriminant analysis has 
been applied particularly fruitfully in the investigation of relationships between 
the major and trace element chemistry .ind the tectonic setting of volcanic 
and sedimentary rocks This short section, therefore, serves as a theoretical 
introduction to the discussion of petrological discrimination diagrams which is 
given in Chapter 5, 

In discriminant analysis a set of standard samples arc nominated as belonging to 
two or more groups. From the distributions of these groups it is possible tu 
calculate one or more linear functions of the variables measured which will achieve 
the greatest possible discrimination between the groups. 

The functions have the form 

f. - *, + K X 1 + *j ■ ■ ■ Pi *, [2.9] 

where ,V|, xj _ x f are the discriminating variables (major elements or trace 

elements), a t , . , . f>; are the discriminating fum n icflidcnts and F, is Ii 
discriminant score. The magnitudes of the discriminating function coefficients 
associated with the van. Mi-, show the relative iin|«orlaiiec of the variables i 
separating the groups along the discriminant function. 


2,9.1 An example from igneous petrology 

An cud lent example of the use of discriminant analysis in igneous petrology is 
found in the work of J.A, Pearce (1976), who employed this technique in an attempi 
to classify basalts on the basis of their major element chemistry (see also Section 
5.2.2). The study is based upon a collection of recent basalts taken from siv 
different tectonic environments — ocean-floor basalts, island-arc tholeiites, 
vak alkaline basalts, shoshonites, ocean-island basalts and continental basalts. The 
objective of the study was to see if there is a relationship heiween major element 
chemistry and tectonic setting. 

The initial part of the investigation was an analysis of the within-group and 
between-gmup variation, for in this way the parameters which are most likely to 
contribute ro tbc separation of groups can be idemitied and those which are likely to 
be least effective can be discarded. This is then followed by the quantitative step — 
the discriminant analysis, which calculates the characteristics of the data-set which 
contribute most to the separation of rhe groups. These characteristics arc expressed 
as the following parameters (sec Table 2.6). 

(1) Eigenvectors, i.c. the coefficients of the discriminant function equations (see 
Eqn 12.9]). 

(2) An eigenvalue lor each discriminant function. This .dmws rhe contribution 
made by the function to the total discriminating power In the case of FI it 
can be seen from Table 2,6 that it contributes to 49.7 % of the discrimination 
and that FI and F2 together contribute to 76.1 % of the total discrimination. 
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TaUf 2.0 Results of diacriinirmii juKv- for Imsje' ■ -ini.s* 


FI 

12 

F3 

F4 

F5 


Eigenvectors 


SiOj 

+ 0.0088 

0.0130 

- 0.0221 

+ 0.0036 

+0.0212 

TiO, 

- 0.0774 

- 0,0185 

- 0.0532 

- 0.0326 

+ 0 . 01)42 

AljOj 

+ 0 , 0 l ( t 2 

- 4).0129 

- 0.0361 

- 0 . 00 % 

- 038)71 

FeO 

+ 0.0066 

- 0.0134 

- 0,0016 

+ 0.0088 

+00141 

MgO 

- 0.0017 

- 0.0300 

- 0.0310 

+ 0.0277 

- 0.0017 

CaO 

- 0.0143 

- 0.0204 

- 0.0237 

+ 0.0321 

+0 0153 

Nip 

- 0.0155 

- 03 H 81 

- 0,0614 

+ 0,0140 

+ 0.0701 

KtO 

-0 0007 

+ 0.0715 

0.0289 

+0.0899 

+0 0075 

Eigtnnlun 

2.58 

1.37 

0.65 

0.5 

009 

Percentage of trace 

40.7 

26.4 

12.4 

9.7 

1.7 

r.uimibtivc pcrccnuigc 4 4 ).? 

76 1 

88.5 

98,2 

99.9 

Sealed eigenvectors 

Si0 2 

+ 0.34 

- 0.51 

- 0.86 

+ 0.14 

+ 0.83 

TiOi 

- 0.85 

-0.20 

- 0.59 

- 0.36 

+ 0,05 

Alpj 

+ 0.32 

- 0.40 

- 1.12 

-0 30 

-0.22 

FeO 

+ 0.18 

- 0.37 

- 0 .W 

+0 24 

+ 0.24 

MgO 

- 0.04 

- 0.74 

- 0,76 

+0 68 

- 0.04 

CiO 

- 0.29 

-041 

- 0.48 

+065 

+ 0.31 

NaP 

-0 17 

- 0.54 

- 0.69 

+ 0.16 

+ 0 . 7 ) 


-0.01 

+ 0.70 

- 0,28 

+ 0.88 

+ 0.07 


• I'rnm Pearce (1976) 


(3) A vet of sealed eigenvectors. These show the relative contributions of each 
variable to the discriminant function. In the case of FI the variables l iO> 
(• 0.85) and SiO? (+0.34) show the largest scores and will dominate this 
particular discriminant function 

A convenient way of visually examining the group -eparation may be obtained by 
plotting the discriminating functions FI and F2 as the axes of an i-_> graph (Figure 
5.19). Individual analyses are plotted as theit FI and F2 discriminant function 
scores. The only disadvantage of this plot is that the discriminating functions are 
less easy to visualize than the original oxide variables. The value of a discriminant 
function diagram is measured by its success rate in correctly classifying the data. 

A miincricd procedure may also be used for classifying the groups, This utilizes 
only a part of the data as a ‘training set' for which the discriminating functions are 
derived. 'ITtc remainder of the data is used as a ‘testing set* with which the 
calculated functions may be optimized so as to minimize the number of 
misclassiticarinns. 


2.9.2 Olher applications of discriminant analysis 

Chaves and Velde (1965) used discriminant analysis to subdivide basaltic lavas 
found in ocean islands from those of island arcs on the basis of their major element 
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TaUf J.(f Results of discriirmunt -rubs;* lor '• -m ..s ' 1 


PI 

F2 

F3 

R 

F5 


Lrgcnvcctors 


SiO; 

+0.0088 

-0.0130 

■4)0221 

+0.0036 

+0 0212 

TiOj 

-0.0774 

-0,0185 

-0.0532 

-0.0326 

+0.0042 

AIA 

+0.0102 

-41.0129 

-0.0361 

-0.0096 

■ojvm 

FcO 

+0.0066 

-0.0154 

-41,0016 

+0.0088 

+0.0141 

MgO 

-0,0017 

-41,0300 

-0.0310 

+0,0277 

-0.0017 

UO 

—4J.0143 

-0.0204 

-0.0237 

+0.0321 

+0 0153 

NajO 

-0.0155 

-0,0181 

-0.0614 

+0,0140 

+0.0701 

K.O 

-0.0007 

+0.0715 

-0.0289 

+0.0899 

+0 0075 

Figen values 

2,58 

1.37 

0.65 

0.5 

009 

Percentage of trace 

497 

26.4 

124 

9.7 

1.7 

r.uimiblivc pcrctnuge 40.7 

761 

88.5 

98,2 

99.9 

Se-Jird eigenvectors 

StO, 

+0.34 

-0.51 

-0.86 

+0.14 

+0.83 

TiOt 

-0.85 

-0.20 

-0.59 

-0.36 

+0.05 

AIjO, 

+0.32 

-0.40 

-1.12 

-0,30 

-0.22 

FeO 

+0.18 

-0.37 

-0.(M 

+0 24 

+0.24 

MgO 

-0.04 

-0.74 

-0.76 

+068 

-0,04 

CaO 

-0.29 

-041 

-0.48 

+065 

+0.31 

\a 2 0 

-0 17 

-0.54 

-0.69 

+0.16 

+0.?J 

K.O 

-0.01 

+0,70 

-0.28 

+0.88 

+0.07 


• I’rnm Pearce (1 *>76). 


I •! i t of scaled eigenvectors. These show the relative contributions of each 
variable to the discriminant function, In the case of FI the variables I iO* 
( 0.85) and Si0 2 (+0.34) show the largest scores nntl will dominate this 
particular discriminant function. 

A convenient wav o! *. is».:.i!|y examining, the gmup separation may be obtained by 
plotting the discriminating functions FI and F2 as the axes of an \-y graph (Figure 
5.14) Individual analyses ate plotted as their FI and F2 dis> i imiiiant function 
scores. The only disadvantage of this plot is that the discriminating functions arc 
less easy to visualize than the original oxide variables. The value of a discriminant 
function diagram ls measured by its success rate in correctly classifying the data, 
A ntimeric.il procedure may also be used for classifying the groups. This utilizes 
only a part of the data as a 'training set* for which the discriminating functions are 
derived, 'lire remainder of the data is used as a ‘testing set' with which the 
calculated functions may be optimized so as to minimize the number of 
mhclassitiearions. 


2.9.2 Glher applications of discriminant analysis 


Chayes and Wide (1965) used discriminant analysis to subdivide basaltic lavas 
found in ocean islands from those of island arcs on the basis of their maior element 
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and that is what this book is about. Most of the examples of the misuse of 
geochemical data relate to major element studies, but petrological models 
increasingly depend upon trace element and isotopic studies. The ideas developed 
in this chapter will recur through the following pages — sometimes as warnings, 
sometimes to disallow what has previously been said. Most importantly, though, the 
approach must be that of 'hypothesis testing’. Diagrams must be constructed with a 
clear, testable model in mind so that hypotheses can be refuted or verified. 



Using major element data 


ChciUl -:- 1 


3.1 Introduction 


This chapter will examine the ways in which major dement data are ttwd in 
geochemistry. The discussion will be restricted to the ten dements traditionally 
listed as oxides in a major detnem chemical analysis — Si, Ti, Al, l e. Mr. Mg. Ca, 
\.i, K. and l\ (Jcuchcmists. make use of rtujot element data in three principal ways 
— in rock classification, in the construction id \ .m.ii .< n c.ugmas and as a means of 
comparison with experimentally determined rock compositions, whose conditions of 
formation are known, Fateh of these uses will be discussed in a separate 'in it 
this chapter. In addition, major elements are used, often together with trace 
elements, in the identification of the original tectonic setting of igneous and mis¬ 
sed irncmary rocks. This topic will he discussed in Chapter 5. 

'Hie application of major denienr chemistry to rock classification and 
nomenclature is widely used in igneous petrology but is also useful for vime 
sedimentary rocks. The second use of major clement data, in the cnnsmicrinn of 
variation diagrams, displays the data as bivariate nr trivarbie plots, i.c. on either an 
v y graph or on a triangular graph. This type of diagram is used r ■ the 

interrelationship between elements in the d.na-set and it is from these relationships 
that geochemical processes may be inferred, Variation diagrams arc not restricted in 
their use to major elements and will be discussed again in bier sections of this book. 
1 he third use of major ri. m. m data — the plotting of the chemical comparin' >n •• 
an igneous rock onto a phase diagram — assumes thar the chemistry of the rock is 
unchanged from that of the origins ; ■ r Ir ■ . rhis case the comparison of 

rock compositions with experimentally determined phase boundaries for melts, of 
similar composition under a range of physical conditions may allow inferences to be 
made about the conditions of melting and/or the subsequent crystallization history 
of the melt 


3.2 Rock classification 


With rhe advent of automated \KF analysis, most geochemical investigations 
produce a large volume of major element data. Thus, increasingly it is both useful 
and in some cases necessary to attempt to classify rocks on the hasis of rheir 
chemical composition This section reviews the classification schemes in current use 
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Sox 3.1 


3.2.1 


The total 
alkaiit-ulica 
diagram (T. tS) 


and outlines the rock types for which they may be specifically suited A summary is 
given in Box 3 f Tin criteria employed in the evaluation of a classification scheme 
arc that it should he easy to use and widely applicable, its logical basis should be 
readily understood and that as far as possible it accurately should reflect the existing 
nomenclature, based upon mincralogic.il criteria 


Summary of chemical clntifiution *ch*m« ducribid in Section 3.2 

/prteoos rocks 

3.2.1 Oxlds-oxlda plots 

The total alkalis-silica diagram (TAS} 

— tor voicanlc rocks 

— for plutonic rocks 

tor cli$criminat>ng between alkaline and subalfcallna rock serias 
Sutxliw& ; on of subalkBlIne volcanic rocks using « 2 0 vs Si0 2 

3.2.2 Norm based classifications 

Basalt classification using the Ne-Dr-OI-Hy-Q diagram 
Granite classification using tha At>-An-Or diagram 
Volcanic and plutonic rock ciossification using Q’(F 1 f-ANOft 

3.2.3 Cation classifications 

Volcanic and plutonic rocks using R1 and R2 

Komatidic, tholelitic and calc-alkaline volcanic rocks using tho Jensen plot 

Sedurtenifiry rocks 

3.2.4 Arenfte/waeke 
Mudrocks 


Classifying igneous rocks using oxide-oxide plots 

Bivariate oxide-oxide major element plots are probably the most str.iightfurw.trd 
wav in which to classify igneous rucks, -although to date these methods are niu.t 
suitable for volcanic rocks. 

The total alkalis-silica diagram is one of the must useful classification schemes 
available for volcanic rocks. Chemical data the sum of the Na : () and KA) 
content (total alkalis, TA) and the SiO ; content (S) arc taken directly from a 
nnk analysis as wt % oxides and plotted onto the classification diagram 

The usefulness of the TAS diagram was demonstrated by Cox ct a!. (1979), who 
showed that there are sound theoretical reasons for choosing SiO, and VaiO + k 2 0 
as a basis for the classification of volcanic rocks. The current version of the diagram 
(Figure 3.1. after I.c Maitre ft til,, 1989) was constructed from a data-set of 24IKK) 
analyses of fresh, volcanic rocks carrying the names used in their original 
classification. The field boundaries are defined according to current usage with the 
minimum of overlap between adjoining fields. The coordinates of the field 
boundaries arc shown in Figure 3.2. 

The TAS diagram divides rocks into ultrabasic, basic, intermediate and acid on 
the basis of their silica content (following the usage of Pccccnllo and Taylor, 1976). 
The nomenclature is based upon a system of root names with additional qualifiers 
to be used when necessary. For example, the root name basalt may be qualified to 



50 


Using major dement data 



Figure Sri The chemical dasdficaiiun and nomenclature ol vulcanic rocks using the total alkalis versus 
silica (TAS) dutrram of lx Maiue ti al, (1989) Q = nnrmative quartz; 01 = normative 
olivine, 

.1 Halt basalt or subalLali basalt. Some rock names cannot be allocated until a norm 
calculation has been performed (see Section 3.2.2 for norm calculations). For 
exam tephrite contains less thorn 10% normative olivine, whereas a basanitc 
contains more than 10% normative olivine. 

(a) ( stnf> TAS with volcanic rocks The TAS classification scheme is intended fur 
the more common, fresh volcanic rocks. It is inappropriate For potash-rich rocks 
and highly magnesian rocks and should not be normally used with weathered* 
altered nr mm morphs I volcanic rocks because the alkalis are likely to be 
mobilized. Rocks showing obvious signs of crystal fractionation should also be 
avoided Analyses should be recalculated to 100 % on art HjO- and CO»-frec basis. 

fb) A J'AS Jiaiiram /hr plutonic rocks Wilson (19X9) uses 'I AS to give a 
preliminary classification of plutonic igneous rucks (Figure 3.3). litis diagram is of 
great practical use for there is no other simple classification of plutonic rocks. 
Unfortunately,, however, the boundaries are largely based upon an earlier version of 
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Plotting uior<linate , w expressed as SiO;, tNaiO+KjO) for the field boundaries a( the total 
alkalis versus silica diagram of Le Maitre et a/. (1989). 

TAS devised for volcanic rocks by Cox et al (1979) and therefore arc not consistent 
with the boundaries of the TAS diagram for volcanic rocks given in Figure 3.1. 

n t fhu nmmatioa betireen the aikahnr and subaikahne melt sen< <■ mtm? TAS Vol¬ 
canic rocks may be subdivided into two major magma series — the alkaline and 
subalkalinc (originally termed thokiitic) series — on a total allalis-silica diagram. 
MacDonald and Katsiira (l%4) and MacDonald (1968), using data from basalts in 
Hawaii, were amongst the linn to publish boundary lines on a TAS diagram which 
allowed a distinction to be made between the alkaline series and the tholeiilic series 
of basalts. Similar diagrams arc given by Kuno (1966), working with Tertiary 
vulcanic rocks from Eastern Asia, and Irvine and Baragar (1971). 

Different authors locate the boundary' line in slightly different places on the 
TAS diagram ind Rickwood (1989) has produced a compilation of the published 
lines and their plotting coordinates. Thcv arc plotted onto the 'I’AS classification 
diagram of I a* Maitre et at. (1989) in Figure 3,4 and their coordinates arc given in 
the figure caption 

Volcanic rocks of the subalkaline senes have been further subdivided on the h.isis of 
their concentrations of k>0 and SiO* (Fccccrillo and Taylor, 1976). Ijc Maitre et 
at. (1989) propose a division of subrjlkatine rocks into low-K, medium-K and high 
K types and suggest that these terms may be used to qualify the names basalt. 
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Figure: J.J The chemcial classification and nomenclature of plutunic rocks using the tnul alkalis versus 
silka (TAS) diagram of G» et at. (197V) adapted by Wilson (1989) for plutonic rock* l be 
curved solid line subdivides the dkatic from subalkalic rocks 

basaltic andesite, andesite, dadtc and rhyolite. I b 7 * nomenclature broadly coincides 
with the terms low-k (tholeiite) series, calc-alkaline series and high-k (calc- 
alkalinc) in the svnthcsis of Rickwond (1989), and with the terms low-K subalkalic 
basalt, subalkalic basalt and alkalic basalt used by Middlemost (1975). A compilation 
of curv es from Rickvvood (1989) and Le Maitre d at. (1989) is given in Figure 5.5. 


3.2,2 Classifying igneous rocks using the norm 

The norm calculation is a way of working our the mineralogy of a rock from a 
chemical analysis, and in the context of rock classification makes possible a pseudb- 
m incralngir.it classification. The CJPVV norm is the most commonly used 
calculation scheme, devised at the beginning of this century by three penologists 
named Cross, Iddings and Pierson andi a geochemist named Washington — hence 
the acronym, CIPW, 

The norm of a rock may be substantially different from the observed mineralogy 
— the mode. The calculations assume that the magma is anhydrous: thus minci il 
such as biotitc or hornblende arc not permitted. Further simplifying assumptions 
are that no account is taken of the minor solid solution of elements such as Ti and 
Al in ferromagnesian minerals and that the Fe/Mg ratio of all ferromagnesian 
minerals is assumed to be the same. The normative mineralogy is based entirely 
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Figure 3.4 The suhdivis. volcanic rocks into alkaline and subolkaluic (thole u l :■ nn a final alkali*, vs 

s iua ilugram. The boundaries ami plotting coordinates (SiO,, tmal alkalis) arc as follow’s; X, 
MacDonald atul Kalsura (l%4), straight line from 41.75,1.0 to 52.5,5.0, +, MacDunald 
(I'XiKj, straight line from 39 8,0,35 to hi 5,4 7 *, Kuno (l%6) curved line 45.85,2.75; 
46.85,3.0; 50.0,3.9; 50.3.4.1 •; ' L?.0; 55.0,5.8; 55.6,6.0; 60,0,6 X; r.1 5.7 0; 65 0.7.35; 
70.0,7.85; 71,6,8.0; 75.0,8.3; 76.4,8 4 *, Irvine and Bangor (1971), curved line 39.2,0.0; 
40.11,0.4; 43.2,2,0; 45.0,2.8; 48.0,4.0; 50.0,4.75; 53.7,6.0; 55.0,6.4; 60,0,8.0; 65.0,8.8; 
77 4,111 U| From the compilation of Rickwood (1989). 

upon chemistry; thus fine-grained, coarse-grained and metamorphosed igneous 
rocks all with the same chemistrv wiT hive the same normative composition. 

The rules for the norm calculation are given by Cross <1 al, (1903) and a 
simplified version appropriate to most common rocks is given in Box 3.2 (after 
Kelsey, 1965, and Cox <7 a/., 1979). ’line calculations are normally made by 
computer, there are various published programs for the calculation of the CLPW 
norm either as part of a larger suite til programs iTill 1977; V’erma, 1986) or as a 
specific program (Glazner, 1984; Fears, 1985). In the CIPW norm calculation, the 
rock chemistry is converted to molecular proportions (by dividing the wt 'V> oxides 
v\ 'heir molecular weight; see Table 3.1, column*. I 11 ,md ,ir the end of the 
calculation the proportions of normative minerals arc recast as wt % by multiplying 
by the molecular weight. This is known as the wt % norm I Table 3.1, column 7). 
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Box 3,2 


Rules tor the CH'VV norm calculation after Kelsey (19651 and Cox et al 119791 

It is helpful to use a standard form when calculating a norm by hand This may be 
done by laying out the oxides (with Their molecular weights and therefore The 
molecular proportions! as columns along the top of ihe page and thu more 
common normative minerals as raw* along the left-hand margin. The 'boxes' of 
the table are fillod as the calculation is made and can ba used to keep a check on 
when an clement is totally used up. Constants used in the CIPW norm calculation 
are listed below 


Oxide 

Molecular 

weight 

Normative mineral 

Formula 

Molecular 

weight 

SiOj 

60 

Q 

QuBrtr 

S 

60 

TiOj 

80 

Or 

Orthoclase 

KAS C 

556 

Al 2 0 3 

102 

Ab 

Albite 

NAS e 

524 

FsjOj 

160 

An 

Anorlhita 

CAS 2 

278 

FoO 

72 

U 

Leucito 

kas 4 

436 

MnO 

71 

Me 

Nepheline 

NASj 

284 

MgO 

•iO 

C 

Corundum 

A 

102 

CaO 

56 

Ac 

Acmlte 

nf 3 *s 4 

♦62 

Na ? 0 

62 

Wo 

Wollastonire 

cs 

116 

KjO 

94 Di 

En 

Enstalile 

MS 

1QO 

p 2 o % 

142 

Fs 

Farrosilite 

f 2 *s 

132 



Wo 

Wollaston ite 

cs 

116 


Hy| 

| En 

Enstatite 

MS 

100 


P* 

Ferro*iliie 

F J, S 

132 


Oil 

Fo 

Forsterite 

M;S 

140 


°‘ 1 

1 

Fayalitc 

F|’S 

204 



Mt 

Magnetite 

F J *F 3 * 

232 



He 

Hematite 

F 3 * 

160 



II 

llmenite 

F J 'T 

152 



Ap 

Apatite 

C333P 

310 


Method; 

11) Calculate molecular proportions of tha oxides by dividing by their molecular 
weights. 

(2) Add MnO to FeO. 

(31 Allocate CaO equal to 3.33 x P 2 Oj to apatite. 

(4i If FeO > Ti0 2 ; allocate FeO equal to the amount of Ti0 2 present to ilmenito. 
If FeO < TIOj'- an excess of Ti0 2 is provisionally made into sphene, using an 
equal amount of CaO (although, only after CaO has been allocated to 
anorthitej. If there is still an excess of TiO^ it I* allocated to rutilo. 

(5j Provisionally allocate A( 2 0 3 equal to K 2 0 for orthoclase. 

(6) Provisionally allocate to any excess Al 3 0 3 equal Ma ; 0 for albite. II (here is 
insufficient Al 2 0 3 go to step 10. 

: i"' Any excess of Al ? 0 3 over PJa 2 0 ♦ K ? 0 is matched with an equal amount of 
CaO for anoMhite 

(8) If there is an excess of Al ? 0 3 over CaO It is allocated to corundum, 

(9) An excess of CaO over AI 2 Oj is used for diopside and wollestonite. 

(10) An excess of Na z O over Al 2 0) is used in acmite; there is r>o anorthite in the 
norm. Allocate Fe ? 0 3 aqual to the excess Na 2 Q for ecmito 
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ioK 3.Z 
continued) 


(11J If Fe?O t > Na y O, allocate an equal amount of FeO for magnetite. 

021 If Fe^0 3 is still in excess, it is calculated as hematite. 

03) Sum N'gO + remaining FeO. Calculate their relative proportions. 

Oil Any CaO unused after anorthite istep 71 a allocated to diopside using an 
equal amount of FeO t MgO {allotted in proportion to that determined in 
step 131. 

O&J Excess CaO is provisionally allocated to wollastonite. 

<161 Excess. MgO - FeO is provisionally allocated to tiypo'si-r ne. 

(17) Allocate SIOj to sphene acm to. provisional orthoclase, albito and anorthite, 
diopside, wollastonite and hypersthene in the proportions of the formulae 
above, 

1181 An excess of Si0 2 is calculated as quartz. 

{191 If there 1$ Insufficient SI0 2 at step 17 the SlOj allocated to hypersthene is 
omitted from the sum of Si0 2 used. If at this stage there is an excess of 
Si0 3 . that remaining is allocated between hypersthene and olivine using the 
equations; 

x ■ 2S - M 
y a M x 

where x is the number of hypersthene molecules and y the number of 
olivine molecules, M the value of available MgO * FeO and S the amount of 
available SiO ;1 . If there is Insufficient Si0 2 to match half the amount of MgO 
♦ FeO. then MgO * FeO is made into olivine (rather than hypersthene). 

{201 If there Is still a deficiency of Si0 2 in step 19, Si0 2 allocated to sphene is 
subtracted from the total In step 17 and CaO and TiOj are calculated as 
perovskile, 

|7ii H there Is still a deficiency in SiO* the torn in stop 17 Is calculated 
substituting porovskite for sphene end olivine for hypersthene. Albito is 
omitted and Ns is distributed between aiblte and nepheline according to the 
rules 

x - (S - 2NI/4 
y • N - x 

where x is the number of albite molecules, y the number of nepheline 
molecules. N the amount of available Na>0 and S ihe amount of available 
Si0 3 

{22) If there is not enough SIQ 2 at step 21 to equal twice the Na 2 Q. all the Na 3 0 is 
made into nepheline and K 2 Q is distributed between leuate end orthoclase, 
although now the total available S10 2 fs the total from step 17 when 
perovskite, olivine and nepheline are made and orthoclase is omitted- in this 
case 

X • (S - 4K1/2 
y - (K - x) 

where x is the number of orthoclase molecules and y the number of leucite 
molecules, K tbs available K ? 0 and S Ihe available SiO ? . 

(23) If there is still a deficiency in SiOj, the CaO of wollastomte and diopside is 
distributed between these two minerals and calcium crthositicate and the 
silica allocated accordingly. 

(24) Finally the weight percentages of the normative minerals are calculated oy 
multiplying the oxide amounts by the molecular weight of the minerals. An 
oxide is selected which appears as unity in the formulae cited above and 
that value {the molecular proportion) is muhipled by the molecular weights 
given above. This gives the normative constituents in weight per cent terms. 
These should sum to approximately Ihe seme percentage as the original 
anatysls. 
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figure 3.5 


Table 3.1 



The subdivision of suhalkalic rocks using the Kp si silica diagram The diagram shims the 
subdivisions id t.c Mairrc ft ttL (1989) {broken lines with nomcnebture in italic*) and of 
RieLwood (1989) I nomrncl.mirr in parentheses). 'Hie shaded bands are the fields in which 
fall the boundary lines of Pcccerillo and Taylur (1976), Ewart (1982), Innoemti et al. (1982). 
Carr (1985) and Middlemost (1985) as sumrmrined by Rickwood (1989). The platting 
p.irani' i‘r- :ne s follows (SIOi, K O): 1 • Vfaitft r. : •• . i I. In.o’- "lau-h. • 
medium-k boundary 48.11,1-2; 68.0,5.1; medium K/km-K boundary 48.0,0.5; 68.0,1.2; 
vertical boundary at 48 % SiO^. Rick wood (1989) band between shothanitic series and high- 
K scries 45.0,1 38; 48.0,1.7; 56.0,5.3; 63.0,4.2; 70.0.5,1; and 45.0,1 37. 48.0,1.6, 56 H 2 
63.0,3.87; 70.0,4,61; band between high-K and calc-alkaline series 45.U.IJ.98. 49.0,1.28; 
52.0,1.5; 63,0,2.48; 70.0.3.1; 75 0,3.43; and 45.0,0.92; 49.0,1.1; 52.0,1-35; 63.0,2.32; 70 0,2.86; 
75.0,3,25; band between calc alkaline and low-SC series 45 0,0 2, 48 0,0 41. 61.0,0.97; 
70.0,1.58; 75 0,1,51; and 45.0,0.15; 48.0,0.5; 61.0,0.8; 70.0,1.23; 75.0,1-4, 


Comparison of CIPW and cation norms for an average tcmalitc* 



1 

2 

3 

4 

5 



7 

t 


Wi% 

Mol 

Moleculu 

Number 

Qiiomc 

CitlfM) Un 

CIPW 

Cation 


oxmIt 


prnpnr 

of 

pnijHxr- 



norm 

mrm 


of rod 


tion« 

catkin* 

tkirt* 





SiOj 

61 52 


i.om 

t no 

I.023H 

58.03 

<1 

15.94 

15.12 

TiOj 

0.73 

79,TO 

U.IXJ91 

100 

0.0091 


Or 

12.23 

1245 

Alit), 

16.48 


D.IMfi 

200 

04233 

1- - 

\b 

30.71 

33.2 

FejO; 

1.83 

159.69 

0.0115 

2.00 

0.0229 

130 

An 

22.52 

2298 

leO 

382 

71.85 

0,0532 

l no 

U.0532 

3.01 

Di 

217 

2.18 

MnO 

o.os 

70.94 

0.0011 

1 00 

u.iKMl 

0.06 

Hv 

10.32 

10.47 

MgO 

2.WI 

40.30 

0,06^5 

100 

’>.( 

3.94 

Ml 

2.64 

1.95 

CaO 

5 42 

56.08 

u.CW»6 

1 00 

0.11966 

5.48 

111 

1.38 

1,04 

Nap 

3 63 

61.98 

0,0556 

200 

0.1171 

6.64 

Ap 

0.56 

0.53 

Kjb 

2.07 

94.20 

0.0220 

200 

0,0439 





PA 

0.25 

141.95 

0.0018 

2.00 

0.0035 

0-21) 

Toul 

98.47 

99.92 

Total 

9863 




1.7641 

99.99 

An 

34% 

33% 








\h 

47% 

48% 








Or 

19% 

18% 


Analysis from I x Maine (1976). 
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\ann taUu/a- 

nous and she 
>xuianoH ualr oj 
iron 


Duailt dtsmfua- 
tion using the 

Nt-Di-Oi-Hy-fl 
diagram o f 
Thompson 
(1984) 


Barth (1952) proposed an alternative calculation biased upon molecular proportions 
and cations. This type of norm calculation has become variously known as the 
Barth-Niggli norm (after its proponents) or the cation norm or the molecular 
norm. In this case the valutlalions arc nwttc using the equivalent weights of the 
oxides, i.c. the molecular weight when one cation is present. In the ease of oxides 
such as CuO or TtO> the equivalent weight is the same as the molecular weight hut 
in the cast* of Alpj or Na 20 the equivalent weight is half the molecular weight. 

The calculation of a cation norm is illustrated in l able 3.1. The wt% oxide 
values (column I) are divided hv their equivalent weights (divide bv column 2 and 
multiply by column 4), converted into cation proportions (column 5) and then 
converted into cation °6 (column 6). Molecules arc then constructed according to 
the standard CIPW rules (column 8), although the proportions of the components 
in which cations are allocated is different from the CIPW norm. In the ease of the 
CTPW norm the proportions of components allocated to alhite are Na/AI/Si 
1:1:6 (on the basis of the combined oxygen), whereas ui the case oi the cation norm 
the allocation is 1:1:3 (on the basis of the cation proportions). The cation norm is 
not recalculated on a wrbasis: rather the result is expressed as a molecular 
IK-rcentage (mol %). One merit of the cation norm is that the proportions of opaque 
minerals arc closer to their volume percentages as seen in thin section 

A particular difficulty wirh the norm calculation is that it is very sensitive to the 
oxidation state ol ihe iron. This is more of a problem in mafic rocks where the Fc 
content is much higher than that of most fdsic rocks. Middlemost (1989) has 
fit imposed a range of oxidation ratios (F^Oj/FcQ) for use with volcanic rocks drawn 
from the geological literature. His data arc presented hy rock type on a TAS 
diagram in Figure 3.6, 

Thompson (1984) proposed a classification scheme for basalts based upon their 
CIPW normative proportions of ttephclme (.uid other fcldspaihoids), olivine, 
diopsidc, hypcrsthenc and qujrt/. The diagram is, vhiiwn in Figure 3.7 and is an 
expanded version of a portion of the Yodcr-Tillcy low-pressure basalt tetrahedron 
illustrated in Figure 3.26(a). The three equilateral triangles of this diagram 
Nc OI Di, OI -Di Hy and Di-Hy-Q.represent basaltic and related rocks which am 
respectively undersatu rated, saturated and oversaturared with silica (Figure 3.7). 
Thus silica-undersaturaicd basalts (alkali basalts) arc characterized by normative 
olivine and oephc&ae, silica-saturated basalts (olivine timid ices) are characterized by 
normative hypcrsthenc and olivine, and siliea-ovcrsuluratcd basalts (quart/ 
tholeiites) are characterized by normative quartz and hypcrsthenc. .Silica saturation 
is particularly important in basaltic magmas, because in dry magmas this single 
parameter determines the crystallization sequence of minerals and direction of 
evolution during fractional crystallization 

Normative compositions [calculated assuming FcO/(Ft< + l . : (> ; ) = 0.85, or 
Fc>0;/FcO = 0.18] are projected ontu one of the three triangles by summing the 
three relevant normative parameters (calculated as the wt % norm) and calculating 
the value of each as a percentage of their sum. The calculation and plotting 
procedure for triangular diagrams is given in Section 3-3,2, This diagram should 
not be _: ' = high! evolved magmas and ii best ipplied to has .do. y,; . i, h • 
more than 6 % MgO. A disadvantage of this classification is that it uses only about 
half of the calculated norm and so is not fully representative of the rock. It is also 
very sensitive to small errors in Na>0 and so is inappropriate for altered rocks. 
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Figure 3.6 The total alkalis v* silica diagram fT\S) of J.c Maine el at. (I9K*>) showing the different 
FtjO|/FcO ratios recommended by Middkfflotl I for vulcanic rocks, pUrttcd according 
tu rock type ns defined in the "l ^S daviifkatkm shown in figure 3.1 


Grantst classifi¬ 
cation using the 
Ab-An-Or 
diagram of 
O'Connor 

(t%5) 


I'hc Ab-An-Or classification diagram of O’Connor (1965) can In; applied to fcbac 
rocks with more than 10% normative quartz. The diagram (Figure 3.8) is based 
entirely upon the normative feldspar composition recast to 100% and represents a 
projection from quart/ onto the feldspar face of the 'granite* tetrahedron 
Q-Ab-An Or. The Ab-An-Or diagram has been chiefly used to classify plutonic 
rocks although O’Connor intended his classification to he used wirh both volcanic 
amt plutonic fclsic rocks. The- feldspar compositions in this classification arc 
calculated using the Harth-Niggli molecular norm, although it is not clear whether 
this procedure has been followed by all users. However, the plotting parameters in 
the Ab-An-Or projection are within 2 % of each other in either calculation scheme. 
This is illustrated in Table 3.1, where the An-Ah-Or plotring parameters for a 
tunable are calculated using butli the C fPW and the molecular norms. The field 
boundaries of the diagram were empirically defined from a data-set of 125 plutonic 
rocks for which there were both normative and modal data. Barker (1979) has 
proposed a modification to the diagram, slightly expanding the field of trondhjemite 
at the expense of tonalite (Figure 3.8). 'This modification is widely used. 

1 he O'Connor (1%5) Ab-An-Or diagram as modified by Barker (1979) provides 
a convenient way of classifying fclsic plutonic rinrks on the basis of their major 
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Fifurr J.7 The classification of basalts anti related basic anti ultra basic magmatic rocks according to 
thetr CtP\V normative composition expressed as Ne Ol Di. 01 C>i Hy or Di Hy Q_ (after 
Thompson, I9S4). 


An 



Ft gun 3.H The classification of 'granitic' rocks according to their molecular normative An-Ab-Or 

composition after Barker (1979) (hca\> lines). 'ITie original he d> nt f>'( .nnr.nr i.I't.S; ji. 
shown in faint lines 

element chemistry. It has the advantage of held boundaries which arc clear and easy 
to reproduce and v,i:Mi effectively separate tonalites, trondhjemites, granites and 
granodiorites from each other. The normative calculation provides a more accurate 
estimate of feldspar compositions than a modal classification, for it reflects any solid 
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solution in the feldspars. The diagram can also be used (with caution! with 
ilcformed and metamorphosed granitic rocks and permits an estimare of their 
original magma type. 


The Qr(F)- 
ANOR diagram 
of Simkeisat 
a ad Mnitre 

097<1) 


Strcckcisen and Lc Maitre (1979) proposed a classification diagram for volcanic nn 
plutonic rocks (Figure 3.9), based upon their normative composition, which was 
intended to mirror the Srreckcisen Q.' : d ...1 1 cation, i'be norm calculations arc 
made using the Karth-Niggli molecular norm. The diagram has rectangular 
coordinates of which the ) axis reflects the degree of silica saturation .ind is either a 
measure of the quartz content (Qj = Q/Or + Ab +• An)] or the Icldspathoid 
content (F* - (Nc + Lc + Kp)/(Nc + l.o + K.p + Or +Ab + An)], The ,v-a\is 
reflects changing feldspar composition [ANOR = |(X> x An/(Or + An)]. The 
exclusion of albite from the feldspar axis avoids the difficult task of allocating it to 
either plagiodaxe or alkali feldspar. The field boundaries were defined for the 
plutonic rucks empirically using a data-bank of 15 000 analyses of rocks, for many 
of which the mineralogical composition was also known. 

Unfortunately this diagram does not work very well. Strcckcisen and Le Maine 
(1979) show contoured plots for .1 number of different rock types in which the 
distribution of the rock type is plotted on the Q' (F’>-A\OR diagram. Few rocks 



Figure 3.9 The classification of plutonic rucks using their molecular normative compositions (after 
Strcckcisen and l* Mjiirc, 1979) The numbered fields correspond to those in the modal 
QAPF diagram of Strcckcisen (1976). The named rock types are plotted at the position 
of their highest concentration in the data file used by Strcckcisen and lx Maitre 
QjJ - Q/(Cl+ Or + Ah +- An); F" = (\c + far + Kp)/(\e + Lc + Kp + Or + Ab + An i, 
ANOR = 100 x An/(Or + An), 
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arc strictIv confined to their allotted fields add there is a significant overlap between 
fields in j number of eases, notably for tonalire. As a consequence the diagram I .is 
not been widely used. 


3.2.3 Classifying igneous rocks using cations 

In order lo avoid the criticism that oxide data do not faithfully reflect the 

cation distribution of a sample, a number of authors prefer to recalculate the rock 
composition as cations. This is the same as the initial stage of the cation norm 
calculation The wt °b of the oxide is divided by the equivalent weight of the oxide 
set to one cation. It is often expressed slightly differently - the wt ' > oxide is 
divided by the molecular weight of the oxide and multiplied by the number of 
cations in the formula unit. Thus the vvt tib Si(), is divided by 60.00 However, the 
i < divided by 101.96 and (hen multiplied by 2 I i some eases the 
cationic proportions are multiplied by 1000 and described as nnllicaiions. \ worked 
example is given in Table 3.2. 


The Rl R2 
flagrant of De in 
Roche el ai 

(1980) 


I)c la Roche and LeTerrier (1973) and Dc la Roche tt at. (1980) proposed a 
classification scheme for volcanic and plutonic igneous rocks based upon their 
cation proportion'., v .| sed as unifications, This diagram is most useful for 
plutonic rocks. The results are plotted on an x-y bivariate graph using the p'i-riiiig 
parameters Kl and K2. Rl is plotted on the x axis and is defined as: 


Rt - |4Si - IWNa +■ k) - 2(Fe + Ti)] 


r#M> 12 


Cation calculation fur an average nmaJitr* 



1 

2 

3 

4 

5 

6 

7 


Wi % 

Mol 

No 

Cationic 

Milli- 

Cation % 

Mol % 


oxide 

Wl 

ui 

Projvor- 

carions 




of rod 


cations 

cions 




SiO, 

61.52 

60.09 

1.00 

1.0238 

1023.80 

58.03 

67.86 

TiOj 

073 

79.9 

1 00 

0.0091 

9.14 

0.52 

0.61 

\l;Oj 

16-48 

101.96 

2.00 

0.3233 

323.26 

18.32 

10.71 

I ?c jOi 

1.83 

159.69 

2.00 

0.0229 

22.92 

1.30 

0.76 

FcO 

3.82 

71.85 

1.00 

0.0532 

53.17 

3.01 

3.52 

MnO 

008 

70.04 

1.00 

0.001 1 

1.13 

0.06 

0.07 

MgO 

2.80 

40J 

1.00 

0,0695 

69 48 

3.94 

4.61 

CaO 

5 42 

56.08 

1.00 

0.0966 

96.65 

5.48 

641 

Na^O 

3.63 

61.98 

2.00 

0.1171 

117.13 

6.64 

3.88 

KiO 

2.07 

94.2 

2.1IO 

0,0439 

43.95 

2.49 

1.46 

i*A 

II 25 

141.95 

2.00 

0.0035 

3.52 

0.20 

0 12 




Sum 

1.7644 


99.99 

100 01 

Rl = 4Si 

- 1 l(Na + 

K) - 2(Fe 

+ Ti) - 

2152 83 




R2 = 6La 4- 2.\lg + Al = l<W2,ll 






Analysis from Lr Maitre (1976). 
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Fc represents total iron. R2 is plotted along the p-axis and is defined as: 

R2 = (Al + 2 Mg + 6Ca) 

The diagram for plutonic rocks is given in Figure 3.10 and an example of the 
calculation of R1 and R2 is given in 'I able 3 2 The advantages of this classification 
scheme are that; 

(1) the entire major element chemist r\ oi the utk is used in the vlassiliearion; 

(2) the scheme is sufficfcndv general to applv to all in pis of igneous rock; 

(3) mineral compositions can also he plotted on the diagram, allowing a broad 
comparison between modal and chemical data; and 

(4) the degree of silica saturation and changing feldspar compositions can be 
show n. 

The authors claim that the R1 R2 diagram is simpler to use than a norm-based 
classification. 

The problem with this particular classification diagram is that if is difficult to 
understand and difficult to use The parameters Rl and R2 have no immediate 
meaning, making the diagram difficult to understand at first sight. In addition, the 
field boundaries arc curvilin., i rid so are difficult to reproduce. 


s 



Figure 3.f0 The classification of plutonic racks using the parameters Kl and K2 (alter Jc la Koriic tt j 
IWlj. calculated from millieotinn proportions Rl = 4Si - IlfNa + K) — 2(Fc + Ti); R2 - 
Wj + 2Mg + Al. 
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Figure 3. It 


The Jensen 
eatton f>foi 
(Jensen* / 976 ) 


Fc,.* ■* Ti 



The classification of volcanic rocks according to their cation percentages of At, (Ft| ri , 1 | -t- Ti) 
and Mg showing the tholeiitc, ljIl alLilitip and Inroad itc fields. In addition to the 
coordinates shown on the diagram, xhc boumUry between the tholditic and oik-itlulinc 
fields is defined bv the coordinate-, i At, Fc ♦ Ti, Mg): 90 , 10 , 0 ; 55.5,28,5, IS; 52.5,29,18.5: 
>1.5,29,19,5 50.5,27.5,22; 50,3.25,24,7; 50.8,20,29.2; 51.5.12 •3f> (Rtekwoud. I<>v>; cor¬ 
rected) 

r l'hc Jensen cation pint is a classification scheme for subalkalinc volcanic rocks and 
is particularly useful for komatiites. It is based upon the proportions of the cations 
d’e’* + Fc** + Ti), Al and \lg recalculated to 100 % and platted on a triangular 
diagram (Figure 3.11), The elements were selected for their variability within 
suhalkaline rocks, for the way in which they vary in inverse proportion tx> each 
other and for their stability under low grades of metamorphisni. Thus this 
classification scheme can be used successfully with metamorphosed volcanic rocks 
which have suffered mild mmsomatic loss of alkalis. This is a distinct advantage 
over other classification schemes for volcanic rocks. 

The main importance of this diagram, however, is that it shows komatiites 
clearly as a separate field from ha&alts and from calc alkaline rocks, and so is useful 
for Archean metavolcanics. The original diagram of Jensen (1976) was slightly 
modified by Jensen rnd Pylte (1982), who moved the komariitii batak/ltOdwtiile 
field boundary to a lower Mg value. This is the version presented here (Figure 
3.11). The plotting parameters of the field boundaries arc taken from Rickwood 
(1989). 




Using major element data 


3.2.4 Th® chemical classification of sedimentary rocks 

1 he geochemical classification of scdimentai) is not a* developed » f»t 

igneewt rods and moit system* of wlimcnun rod classification ulili/c feature* 
which can be observed in hand specimen or in thin wrtion. such as g rain sire and 
the mineralogy of the particles and matrix, 

Irsntu/wjikf Unlike many igneous rods it is difficult to find a simple relationship between the 
mineralogy of sandstone* jnd their chemical composition For this reason the 
geochemical classification of sandstones docs not mimic the conventional 
mincrii logical classification of sandstones based upon quart/-feldspar iitim frag¬ 
ments Rather it differentiates between nut on. and immature sediments. 

The most commonly used geochemical criteria of sediment maturity are the SiO, 
ia intent and the SiCX/AM). ratio (Potter. 1978), reflecting the abundance of quart/ 
and the clay and feldspar content. Another useful index of chemical maturity is thi 
alkali content (N*jO + K .O), also a measure of the feldspar content Icing an 
index of chemical maturity and the NijO/KjO ratio. Petlijohn ft a! (1972) 
proposed a classification for terrigenous unde based upon a plot of log(Na.0/K : 0) 
is k>g($tO// V l t Oj). \ It hough they state that their diagram is 'not particularly 
useful for naming purposes but simply shows Mime of the relationships between 
elemental composition, mineralogy and rock type*, it b widely used I he Pettijohn 
ft af. diagram as modified by Herron (1988) is presented in Figure .M2. \ simitar 
diagram is rhe NijO/KjO ss SiO. diagram used by Middleton (I960) to subdivide 
greywavkes and adapted more rtientlv by Roscr and Korsch (1986) to determine 
the tectonic setting of sandstone mudstone suites. I lowcvcr, such diagrams must be 
applied with caution, for \,t and k are likely fit Ik* mobilized during diagcncsis and 
mclamorphiMii, 

I lerrem (1988) modified the diagram of Petti john ttal. using k»g(Fc>C);/k .O) along 
the /ant instead of log(Na.O/K ; 0) (Figure 3.13). The ratio FejOjfSOtal)/ 
k ,0 allows uiotK to he more successfully classified and is also a measure of 
mineral stability, for ferroau .vises tan minerals tend to be amongst the tc** stable 



Fifurt J,!2 The classification of temprout urnKmno usm* lofc(Na>(>/KjO) vs logtStO./ALOi) from 
I'cltijohn ti ul. (1972) with the boundaries redrawn by Herron (1988). 
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Figure J./J The classification of terrigenous sandsToncs amt dufi-. nsing log^FciOj/K^) vs logtSiOj/ 
Al^Oj) (after Herron, 1%8). The numbers shown in parentheses arc the plotting coordinates 
for the field boundaries expressed as [log(SiO>/AFC d.logt l e.O,• k 4))| 

minerals during weathering. A third axis; (not shown) plots total Ca a measure of 
the calcium carbonate content of the rock cement. .Shale, which is nor considered in 
the Perrijohn et at, scheme, is identified on the basts of a very low SiOj/AljOj ratio. 
A further advantage of the Herron classification is that it can be used to identify 
shales, sandstones, arkoses and carbonate rocks in situ from geochemical well logs, 
using neutron activation and gamma-ray tools (Herron and Herron, 1990). 

Blatt et i it. (1972) devised a classification based upon the factor analysis of the 
chemical composition of clastic sediments. Their scheme plots Na 2 0, total Fc (as 
Fc>0 ; ) + MgO and k 2 0 at the apices of a t riangular diagram and shows fields for 
greywacke, lithie sandstone and arkose. In a study of recent big-river sediments, 
however, Potter (1978) found that he could not duplicate the fields of Blatt el at. 
(1972) and suggested that the chemical composition of ancient sediments is strongly 
influenced by diagenesis, Blatt et at, (1972) also suggested that greywacke and 
arkosc could be subdivided on the basis of their FcO content on an FejOj-FeO 
plot. Again this is not mirrored in recent big-river sediments (Potter, 1978) and 
Fe~‘/Fe‘” must be strongly controlled by the oxidation stare of the sediment. 

if;.•»/» :.i\ There i- no widely recognized chemical classification of mudrocks. 'Hus is 

surprising since they have a much more variable chemistry than sandstones and so 
readily lend themselves to chemical classification. Huglund and Jorgensen (197.V) 
proposed a classification of mudrocks on the basis of their (K>0 + Xa 2 0 + CaO) vs 
[MgO + FcO) vs AI>Oj contents expressed on a triangular diagram. Wronkiewtez 
and Condic (1987) use a similar diagram based upon Fc ? 0^ H11 i] vs k 2 0 vs .AljOj 
to classify 1 t he Winvatcrsnnd shales of South Africa, They also used an expanded 
version of ihc logfNaiO/KjO) vs log(SiO?/Al>Oj) plot of Pettijohn et aI (1972) on 








U«*n0 m.O* Ml 


which the* plot the fxk!% of AkKkja greenuone Ml chile* ind Phtntnwoic 
Ovale* BjorMlc (1974) Honed the (M ; <VK.O)/(MgO»Ka/)) contQM of *Halc* 
and md it a* in Meitor o( toKnuc-irc pwfnwf 

3.2 5 Discussion 

Kot vulcanic tgnoHi* jtnV\ there n i taricl* of ifwweil (livifujinxi whemo 
»hi<tt «otV mJ which ire timpk to uve, the be*a *1 which w the T \S Jufum 
Phaaonx njcl% jfv mere problematic. An adequate clu*ifieation *ehenie exnts for 
fTimiiv fovit in the O’C/jotw Jujirim hut there »* no simple ami widett wcptMl 
(Uoiftcuwn few jll pluionic neU PinhabU, the nwwa cnmprchcmttc i' the Kl K2 
dug ram of Ik U K«xhc ft *! (I9tl)| although thi* diagram in diOiiuli both to 
undervtand and to appl' 


3.3 Variation diagram’. 


A table of geochemical data from * particular ipcow ptwwc, mctamorptoc 
terrain or tdattwin woccuion mi> it hr*j %ight thm m ikrmt meomprehen- 
vibic wrijtnon in the vmouiitioa ofindndui] ckrttcruv (men thit the vampSc* 
we Met* ro he geological} related. i rnj|or uu foe the geochcmit! n to done i 
*a* m which the urution between individual rod* nu> be umphhed ind 
condoned vo thit rtbtiomhipt between the mdiwJtM) renin im> he idenrified The 
device which n rmnt twwrwfth med and hit proved invaluable m the exam uvi bon 
of {oehtnuil data i\ the variation diagram Hut it i hmrutt erjph or 
vratccrgram on which two veketed variable* are plotted I hapwnt of thn ttpe were 
popularized it long apt at lift ht Alfred llarlct in hie Satuul kutmy if ipmm 
nth, and one particular tvpc of tjnji*>n Jiipim, m which SiO. it plotted along 
the Mtit. hat become Vrtown at the ’I brier dugram*. 

An iltuvtration of the uefulnm of \arution dupimt can be teen fr<*m a 
companion of the data in Table 3 $ and the variation dugraim plotted fv the v«me 
data (Figure 3.14). It it clear that the variation diagram* have condented and 
rationalized a Urge volume of numerical inform lion and *J*»w qualitative!* that 
there w an excellent correlation (either poo me or negative) between each of the 
mijor ckmentv dop’atcd and SiO. Traditw mailt thu vtnmg geochemical coherence 
between the nijor element* hit been med to Maggot that there it an under!ting 
procevt which will explain the rebtioruhijn between the major element*. 


3.3.1 fteoogtvting goochomcal process** on a major clement variation 
diagram 

Mom trend* on variation dupimt arc the rcvult of mixing. In tgneocH rock* the 
mixing mag be that of two magma*, the addition and/or vubtfaction of tofid phatex 
during contamination or fractional crwalli/ation, or mixing due to the addition of 
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"Me J J Uiermc.il analyses of rocks Ifwm hilauca Iki las a lake, Hawaii* 
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melt increments during partial melting. In sedimentary rocks trend-, mi .1 wnaiimi 
diagram will also result from mixing, hut in this case the mixing u! chemically 
distinct components which contribute to the composition of the sediment. In 
metamorphic tucks, trends on a variation diagram w ill usually reflect the processes 
in the igneous nr sedimentary precursor, masked to some degree by specific 
metamorphic processes such as metasomatism. In some instances, however, 
deformation may 'smear' together more than one rock type, giving rise to a mixing 
line of metamorphic origin. 

Below we consider stunt d the more important mixing processes. 


Fraction*)! Fractional cry stallization is ,1 m.rir |> 1 t .-. m the evolution of many igneous rocks, 

crystallization and is frequently the cause of trends seen on variation diagrams for igneous rocks. 

The fractionating mineral assemblage is normally indicated by the phenoervsts 
present. A test i>f civsnl rr.n rinurim may be made by accurately determining the 
composition of the phenoervsts using the electron microprobe and then plotting the 
compositions on the same graph as rhe rock analyses. If trends on a variation 
diagram arc controlled by phenocryst compositions then ir may be possible to infer 
that the rock chemistry is controlled by crystal fractionation. It should be noted, 
however, that fractional crystallization may also take place at depth and in this case 
the fractionating pluses may not lie represented in the phenocryst assemblage 
The importance of fractional crystallization was expounded at length by Bowen 
(1928) in his book The evolution of the igneous rod b; he argued tlut geochemical 
trends for volcanic rocks represent a 'liquid line of descent’. This is the path taken 
by residual liquids as they evolve through the differential withdrawal of minerals 
from the magma. The ideas of Bowen now need to be qualified in the light of 
modem findings in the following ways: (I) trends identical to those produced by 
crystal fractionation can also be produced by partial melting; (2) only phenocryst- 
poor or aphyric volcanic rocks will give a true indication of the liquid path; (3) 
rarely docs a suite of volcanic rucks showing a progressive chemical change erupt as 
a time sequence. 'lTius even a highly correlated trend for phcnocryst-free volcanic 
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Using major element data 



i't^urr 3.H Bi\;in.i(e plo» of the oxides AIjOj, GrQ, MgO, TiO», NtjO vx SiOj in basaltic lavas from 
tvilauca llii Uva lake from the 195^M9<0 eruption of Ktlnuea volcano, Hawaii (from Richter 
and Moore, 1966). The data arc vjiven in Table JJ. 

rocks on a variation diagram for a single volcano is unlikeh to represent a liquid 
line of descent. Rather it is ait approximation to a liqu id line of descent of a huntlle 
of similar, overlapping, subparallel lines of descent. Such lavas arc not related to a 
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single parental nugnia but rather to a series of similar and related magmas (Cm el 
at, 1979). 


If phenocryst compositions cannot explain trend-, in a r< hA series and a fractional 
cr\sull:>.i.ii'!ii I'hIi I no appear r., 111 , it is instructive tO consider 1 lie 

possibility of simultaneous assimilation of the country rock and fractional 
crystallization This process, often abreviated to AFC, was first proposed by Bowen 
(1928), who argued that the latent heat of crystallization during fractional 
crystallization can provide sufficient thermal energy to consume the wall-rock. 
Anderson and Cullers (1987) argued for an \FC model to explain the major 
element chemistry of a Proterozoic tonaiiic-irondhjcmite suite hosted h\ Archean 
gneisses. The suite showed marked chemical variability but trends on Marker 
diagrams were not compatible with am simple fractionation scheme based upon the 
chemistry of minerals present, or once present, in the original melt, Their 
calculations showed, however, that if in addition to crystal fractionation the melt 
was contaminated with a s-malt amount (ca 7%) of the enclosing Archean gneiss, 
the observed trends were duplicated. 

O'Hara (1980) has argued that contamination can result in the 'decoupling* of 
rhe major and trace element or isotope chemistry and is not always demonstrable 
from the major element data For example, contamination of a basalt precipitating 
olivine, clinopyroxcnc and plagiocla.se will result in increased precipitation of 
fractionating minerals but may cause only a minor change in composition of the 
liquid as measured, for example, in its silica content. Trace element levels and 
isotope ratios, however, will be changed and provide a better means of recognizing 
assimilation. 


Progressive fractional melting will show a trend on a variation diagram which is 
cun trolled by the chemistry of the solid phases being added t i r melt. 1 lowever, 
this can be very difficulr to distinguish from a fractional crystallization trend on a 
major element variation diagram, for both processes represent crystal-liquid 
equilibria involving almost identical liquids and identical crystals. One situation in 
which progressive partial melting and fractional crystallization may be differentiated 
is if the two processes take place under different physical conditions. For example, 
if partial melting takes place ar great depth in the mantle and fractional 
crystallization is a crustal phenomenon, then some of the pluses involved in partial 
melting will be different from (hose involved in fractional crystallization 


Trends on variation diagrams for sedimentary rocks may result from the mixing of 
the different ingredients which constitute the sediment. There are a number of 
examples of this effect in the literature. Bhatia (1983), in a study of turbiditc 
sandstones from eastern Australia, shows Marker diagrams in which there is a 
change in mincratpgical maturity, t.e. an increase in quartz coupled with a decrease 
in the proportions of lithic fragments and feldspar (Figure 3.15). Argast and 
Donnelly (1987) show how strongly correlated trends may result from two- 
component (quartz-illite. quartz/fc 1 «Jspar—iHite) mixing and curvilinear or scattered 
trends result from three-component mixing (quartz-illiie-calcite). 
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SiO> (wt %) SiOt (wc %) 

Figure 3.15 Harker variation diagrams for quartz-rich sandstone suites from eastern Australia (after 
Bhatia, 1983). The increase in Si0 2 reflects an increased mineralogical maturity, i.e. a greater 
quartz content and a smaller proportion of detrital grains. 


The identifi¬ 
cation offormer 
weathering 
conditions from 
sedimentary 
rocks 


A good measure of the degree of chemical weathering can be obtained from the 
chemical index of alteration (CIA; Nesbitt and Young, 1982). 

CIA = [A1 2 0 3 /(A1 2 0 3 + CaO* + Na 2 0 + K 2 0)] 

In addition, weathering trends can be displayed on a (CaO* + Na 2 0) - 
A1 2 0 3 - K 2 0 triangular plot (Nesbitt and Young, 1984, 1989). On a diagram of this 
type the initial stages of weathering form a trend parallel to the 
(CaO + Na 2 0) - A1 2 0 3 side of the diagram, whereas advanced weathering shows a 
marked loss in K 2 0 as compositions move towards the A1 2 0 3 apex (Figure 3.16). 
The trends follow mixing lines representing the removal of alkalis and Ca in 
solution during the breakdown of first plagioclase and then potassium feldspar and 
ferromagnesian silicates. 

The CIA and trends on triangular plots have been used in two different ways. 
Firstly, chemical changes in a recent weathering profile such as that illustrated in 
Figure 3.16 are used as a template against which the chemical history of an ancient 
profile can be read. Deviations from such trends can be used to infer chemical 
changes resulting from diagenesis or metasomatism (Nesbitt and Young, 1984, 
1989). The second application is to mudstones. The major and trace element 
chemistry of modem muds reflects the degree of weathering in their source (Nesbitt 
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The (NtjO * CiO) - AljOj - KjO diagram of Nesbitt and Young (I9N4. 1989) showing ihr 
weathering trends for average granite and average gabbro. 'I"he advanced weathering trend 
for granite is also shown Compositions are plotted as molar proportions and the 
cx»mpositions of plagiocla.se, K-fekUpar, muscovite and kanlinite are shown. CaO* represents 
the CaO associated with the silicate fraction of the sample. 

el «/., 1990); thus the chemical composition of ancient muds may be used in a 
similar way to make inferences about past weathering conditions. 

Banded gneisses from the Archaean Ivcwisian complex of northwest Scotland show 
linear trends on ma^or element variation diagrams. There arc two possible 
explanations of such trends. On the one hand the handed gneisses may be the 
product of the tectonic mixing of malic and felsic end-members in the gneiss suite, 
in which ease trends on the variation diagrams also reflect this mixing (Tamey, 
1976), Alternatively, the trend could be prc-mctamorphic artd magmatic in origin 
and indicate the approximate igneous composition of the gneiss suite. 

Element mobility describes the chemical changes which lake place in rock after its 
formation, usually through interaction with a fluid. Most commonly, element 
mobility wilt take place during weathering, diagcncsis and mclamorphism or 
through interaction with a hydrothermal fluid. In mctamorphic rocks, element 
mobility may also take place as a result of solid-state diffusion and melt generation 
Here, however, we are chiefly concerned with fluid-controlled element mobility on 
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■he scale of several centimetres or more. The mobility of major elements ts 
contPolled by throe main factors — the stability and composition of the mineral*, in 
the unaltered rod, the stability and composition of the mineral' in rln ilr. i m >< 
product and the composition, temperature and volume of the fluid phase. 

Element mobility may lu- detected from mineralogical phase and compositional 
changes that have taken place in a rock as a result of metamorphism or 
hydrothermal activity and from the mineral assemblages present in associated veins. 
Scattered trends on variation diagrams arc also a useful indicator, although chemical 
alteration can sometimes produce systematic changes which may mimic other 
mixing processes such as crystal tractionation. These apparent trends max result 
from volume changes arising from the removal or addition of a single component of 
the rock. Variation diagrams which can be used m identify element mobility are 
discussed in Section 4.9,3, 

Table 3.4 summarizes the- main mobile elements tn a range of common rock 


7a Mr l.-f Major element mobility in common rock types under a varietv of hydrothermal conditions 
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types under .1 variety of In dmthernial conditions. Basaltic rocks arc well 
documented and iihm studies show that Ti, Al and P arc generally immobile 
whereas Ca and Na are almost always mobilized, Similarly, iri granites Ti. Al and P 
arc generally immobile Sediments are not >o well studied although chemical 
changes during the diagtnesis of a sandstone-clay sequence are well described and 
reflect the breakdown, with progressive burial of orthoclasc and plagiodase and the 
conversion of smectite to illite. At higher metamorphic grades little is known except 
lor a consensus thjt Al is immobile (Ferry, 1983), 

■irti/r*tal trends Sometimes trends on a variation diagram arc artificially produced by the numeiis.il 
processes used in plotting the data and do nor automatically signify geochcmii il 
relationships, This is well documented by Chaves (I960) and Aitchison (1986), who 
have .shown that correlations in compositional data can be forced iv-, .1 ivsirlt of the 
unit sum constraint (see Section 2,6). The most helpful way to circumvent this 
problem is to examine trends on variation diagrams in the lie lit of a specific 
hypothesis to be tested. The closeness of fit between the model and the data can 
then he used to evaluate the hypothesis, 


3.3,2 Selecting a variation diagram 

The two main type* of variation diagram currently used by geochemists arc 
considered 111 this sea ion bivariate plots and triangular variation diagrams. 

Bivariate pints The principal aim of a bivariate plot, such as that illustrated in Figure 3.14, is m 
show variation between samples and to identify trends. Hence the element plotted 
along the v-axis of the diagram should be selected either to show the maximum 
variability between samples or to illustr.irc a particular geochemical process. 
Normally the oxide which shows the greatest range in the data-set would iv 
selected; in many eases this would lie SiOj, but in basic igneous rocks it might be 
MgO and in clay-bearing sediments \l>0«. 

In a reconnaisance geochemical study of a problem it might be necessary to 
prepare a very large number of variation diagrams in order to delimit the possible 
geological processes operating. In this case the initial screening of the data is best 
done by computer (see for example Barnes, 1988), If a correlation nutrix is use I, i> 
is important to remember that good correlations may arise through a duster of data 
points and a single outlier. .Similarly, poor correlations can arise if the data-set 
contains several populations, each with a different trend 

Mure normally, and more fruitfully, however, most geochemical investigations 
arc designed to solve a particular problem and to rest a hypothesis - usually 
formulated from geological or other geochemical data. In this case the plotting 
parameter for a variation diagram should be selected as far as possible with the 
process to be tested in mind. For example, if in the case of igneous rocks a crystal 
fractionation mechanism is envisaged, then an element should be selected which is 
contained in the fractionating mineral and which will be enriched or depleted in the 
melt. 

(a) Harktr diagram — h;,tr;,itt plots using Si0 2 along the \-uxn Variation 
diagrams in which oxides arc plotted against SiCfy are often called flnrkcr 
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diagrams They itt the oldest form of variation diagram and jrc one of the most 
frequently used means of displaying major element data («c Figures 3.14, 3.15). 
SiOj k commonly ctxncn w the plotting parameter r«>r many igneous ruck series 
and tor suites ol sedimentary rocks with a variable quan/ content because it is the 
major constituent of the ruck and show* greater variability than am of the olhei 
oxides. However, the very fact that SiO. is the most abundant ovidc means that 
there uc a number of inherent problems of which the user must be aware. These 
are: (1) a negative tendency (see Figure 3 15), (2) spurious correlations and (3) a 
reduced scatter of values as SiO* increases (sec the AI.Oj SiO* plot in Figure 3.15). 
These problems ate fully discussed in Sect win 2.6. 

i 1 '. Itiuruiie plait irhuh use MgO oh the \-u \tt Om* of the most comnumlv uted 
alternatives to live darker diagram is tin* MgO plot I Ins tv most appropriate lot 
rod vciicv which include abundant mafic members, for in this case the range of 
SiO. concentrations may be small. MgO. on the other hand, is an important 
component of the solid phases in equilibrium with mafic melts and shows a great 
deal of sanation either as a consequence of the breakdown of magnesian phases 
during partial melting or their removal during fractional crystallization 

(c) Hr.jnMe phis using ml tom It is sometimes simpler to display mineral 
compositions on a variation diagram if major element chemical data arc plotted av 
cation C N». that is the wt % oxide value divided by the molecular weight ad 
multiplied by the number of cations in the oxide formula and then recast to 100 % 
(see Table 3.2, opiums 1-4 and 6); see for example Francis (1985). An identical 
calculation with the result expressed as mol °b cations instead of canon °o b used 
I'. I Ian von and lanfntutr (1978) in their MgO-FcO cation diagram (see Section 
3.3.4). Roedder and Emdic (1970) in a similar diagram use mo4% of MgO and 
FcO (see Table 3,2, column 7). 

(J) Nr.jrtjlf phis using the nugneuum number ‘live older geochemical literature 
carries a Urge number of examples of complex, multi cUmem plotting parameters 
which were used ax a measure of frietkmition during the evolution of an igneous 
sequence. These arc rather complicated to use and diflkult to interpret and so have 
fallen into disuse However, one which is useful, and so survives, is the 
iiuignrsium iron ratio, or magnesium number U it is sometimes called. The 
magnesium -iron ratio is particularly useful as an index of crystal fractionation in 
basaltic liquids (see Oskarason el «/., 1982: Wilkinson, 1982) for here the Mg-Fc 
rami changes matledly in the early stages of crystalliration as a result of the higher 
Mg Fc ratio of the liquidus ferromagnenan minerals than their host melts. The 
nurnoiiim inn ratio i* expensed either in wr l v. form as 100(MgO/(MgO * 
FcO)) or IOO(MgO/(MgO ♦ FcO + Fc^O*)} or as an atomic fraction as lOOfMg**/ 
(Mg** + Fc**)|. The inverse of this ratio is also useJ as a measure of iron 
enrichment. 

Tnangthr Triangular variation diagrams arc used when it is necessary to show simultaneous 
Mniiriw change between three variables. However, this practice is not recommended and 
Jutgrnmt bivariate plots arc to be preferred, since both the computation of the plotting 
parameters and (he interpretation of the resultant trends raise a number of 
important problems (see Section 2.7). 
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t be plotting procedure far tritmgubr diagrams is illustrated in Figure 3.17, This 
is most conveniently done by micruouniputcr and Top ley and Burwcll (1984) give 
an example of a versatile interactive program written in BASIC, 

(a) Tht I FT I diafram The AFM diagram < Figure 3.18) is the mosr popular of 
triangular variation diagrams and takes its name from rhe oxides plotted at its apices 
— Alkalis (Na 2 0 + K 2 0), Fc oxides (FcO + Fc 2 Oj} and MgO. The igneous AFM 
diagram should not In; confused svitK the mutamorpliic diagram of the same name 
which is used in show changing mineral compositions in AIvOj-FeO-MgO space. 
The plotting parameters are calculated by summing the oxides (Na,0 + KT)) + 
[{FeO + Fed > , i civ\ .il-tied as FeO| + .MgO and then recalculating each as a 
percentage of the sum There is some ambiguity over the way in which the Fe- 
oxidcs should be treated and the following alternatives jre in current use: 


B 



Figure 2J7 Construction lines for plotting the point A = 54 %, B _ 27.6% and C = 18.4% on a 
triangular diagram. The values are plotted as follows: variable B is 100 % at the top of the 
plotting triangle and U % along the base of the mangle and so, counting upwards from the 
base (the concentrations arc given on the right hand side of the triangle), the horizontal line 
representing 27.6 % is located. In a similar way the line represenring 34 % A is located, 
parallel to the right-hand side of the triangle The point at which the two hues intersect is 
the plotting position. To check that it has been accurately located, the line for variable C 
should pass through the inicrscction of the two other lines. 
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F = (FcO + 0.m8Fc 2 O 3 ), l.c. all Fe*Oj converted to FcO 
is the same as 

1' = total {FcO ♦ FcjO,,) expressed as FeC) i.c. FcO| W ^ 
but different from 

F = (FeO + FcjOi) expressed as raw wt°o 

In addition some authors include MnO with titc IV-ox ides. Rick wood (1989) has 
shown that the differences are minor and are unlikely to result in serious 
misplotting, nevertheless it is recommended that a standard procedure is adopred 
and that F is calculated as total Fc, i.c, (FcO + Fc^Oi) recast as FcO. This then 
accommodates \RF analy tical data in which the separate oxidation states of iron 
cannot be determined. 

Most authors use oxide wt % when plomnj. dau m .m \FM diagram hut in a 
few cases atomic proportions arc used and it is not always dear which method has 
been adopted The shape of the trend is similar in each case but the position of the 
atomic proportions plot is shifted away front the IV apex relative to the position of 
the oxide plot for the same data (see Barker, 1978) 

The AFM diagram is most commonly used to distinguish between tholciilic and 
calc -alkaline differentiation trends in the suhulLalinc magma series. Kuno (19oSi 
and Irvine and Raragar (1971) present dividing lines separating the rocks of the 
calc-alkaline series and rucks of the tholciiic series (Figure 3. 18). Kuno's boundary 
line yields a smaller jrea for the t hole i it it suite. Both authors use wt% plots in 
which l is calculated as (IVO ; IV_.t)J expressed as IVO. The coordinates for the 
boundary lines arc given in the caption to Figure 3.18 (Rickwood, I9SM) 

Examples of the trends characteristic of the tholeiitie and calc alkaline rock 
series are also plotted in figure 3.18. The tholciilic trend is illustrated by 
I hirigmuli volcano in Iceland and the calc alkaline trend is for the average 
compositions of the fiascado lavas (Carmichael. 1964). 

(b) Problems itt the use of the AFM diagram It is important to note that the AFM 
diagram is limited in the extent to which petrogcnctic information mav be extracted 
(Wright, 1974), This is chiefly a function nf the tri variate plotting procedure, which 
docs nut use absolute values and only a pari of the rock chemistry. In most rocks 
the A-F-M parameters make up less than >0% of the oxide weight perccmaacs 
and cannot therefore fully represent the rock chemistry. In addition, when plotting 
a rock series different proportions of each rock are normalized to 100“ litis 
distorts the plotted values. For example, in a series of volcanic rocks with a 
com positional range from basalt to dacitc about 40"«> ol the ba.salt is uv.d when 
fl itting onto an AFM diagram whereas only about 15 % of the dacitc is used V 
further problem with the trivariate plotting procedure has been noted by Butler 
(1979), who argues that not only do trends on an AFM plot lead to nun-quantitative 
expressions of minernlogical control but that the trends themselves could he an 
artefact of ternary percentage formation (see Section 2.7). 

Barker (1978) advocated plotting mineral compositions on an AFM diagram tn 
addition to rock compositions to assess mincndogical control of magmatic processes. 
However, this approach can only be semii.]uanti(ativc emee the lever nilc (see 
below), which works well in bivariate plots, cannot be applied because of the 
disparate proportion* of the compositions before projection. Thus AFM diagrams 
cannot be used in petrogenctic studies to extract quantitative information about 
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Figure 3.IS An AIM diagram showing the boundary between the calc-alkaline held and the (boldine 
held after Kumi (1968) and Irvine and Baragar (1971) (hcaiy lines). Also shown are lava 
compositions and trends (faint lines) fnr a typical thnleiitic sequence (Thingmuli volcano, 
Iceland — shown as filled circle* — from Carmichael, 1964) and a typical calc-alkaline trend 
(the average composition of Cvseadrs bus shown .ls open nngs — from Carmichael, 
1964), The ooordinalCK for points on the boundary lines of Kuno (1968) are A.F,\1 : 
72,0*24.0,4.0; 50.0,39 =5,10.5; 34.5*50.0,15.5; 21.5,57.11,21 5; 16.5,58.0*25.5; 12.5,55.5,52.(1, 
9 5 »l : 4 : .me. !,,• fr 'if Fir ■ .. (I K ' J M .-V . I; .1 .6,42 I,111 II 

29.6.52,6,17,8; 25.4,54.6,20.0; 21,4*54.6,24.0; 19.4,52.8,27.8; 18.9,51.1,30 0; 16.6,45 4,40.0, 
150,35.0,50.0 (from Rickwood, 1989), 

processes. Tliis must be done using bivariate oxide diagrams, The main usefulness 
of AI M diagrams, therefore, is to show trends which can be used n - > * nify rock 
series as illustrated ahovc. 

Finally, however, it is worth noting that trends. can be generated on .in AIM 
diagram which have no geological meaning at all. Lc Maitre (1976) plotted 26 000 
samples of unrelated igneous rocks collected from around the world onto an AF\1 
diagram and showed that they defined a marked calc alkaline trend. He concluded 
that unrelated analyses taken at random can define trends on an AFM diagram and 
urged caution in interpreting such trends, A closer inspection of his data shows, 
however, that the samples are not entirely random since about 85 % of the rocks 
were collected from continents Maybe these data have something to say about the 
1 m ■ •• • origi l. n-irr , .i*.:. 
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3-3-3 Interpreting trends on variation diagrams 


it has been shown above that there are a variety of processes which can produce 
similar-looking trends on nujor element variation diagrams. It Ls important 
therefore to discover the extent to which these several processes mighi >. 
distinguished from one another and identified 


Extrmt One approach is to try to calculate rhe composition of the materials added to or 
calculations subtracted from a magma and to quantify the amount of material involved, This 
may be done using an extract calculation, a device described in some detail hy Cox 
a a!. (1979). 

The method »s illustrated in Figure .119(a), in which the chemical compositions 
(expressed in terms of variables A and B) of both minerals and rocks arc plotted on 
the same variation diagram. Mineral \ crystallized from liquid Lj ami the residual 
liquid follows the path to L>. The distance from L| to 1 will depend upon the 
amount of crystallization of mineral \ 

This may be quantified as follows: 

I he amount of fj is proportional to the distance \ -l.j 
The animmt of X is proportional to the distance lI 

Thus: 


The percentage of Lj = 100 x XL|/XL .2 
Percentage of X - 100 x L 1 L 2 /XL? 


This relationship is known as rlic lever rule 

If there arc two or more minerals crystallizing simultaneously from liquid Lj in 
such proportions that their average composition is I! I Figure .119(h) and (cfj, then 
the liquid path will move from C towards l >. The proportion of solid ro liquid will 
be given by the ratio LjLjlQLj. The proportions of tin minerals \ and V :n Figure 
3.19(b) is given by YQXC. In the ease of the variation diagrams shown above, the 
predicted trends arc straight. However, tills riot always the case and minerals 
showing solid solution may produce curved trends during fractionation. This is 
more difikuli to quantify. 



Figure 3.19 Bivariate plot showing extract calculations for crystal fractionation. (a) Mineral X is removed 
from liquid l.| and the liquid composition moves from L] to L 2 (b) Mineral extract C (nude 
up of minerals X and Y) is removed from liquid L 1 and drives the liquid composition to L, 
(c) Mineral extract C (made up of the minerals X. Y and Z) is removed from liquid L ( and 
drives the resultant liquid composition to Lj. 
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Ftf,ure 3-20 \dditioo-subi™.lion diagram fur rucks A and B. The back-projccnon of trends for \l,Oj, 
CaO, Ti0 2 , Vi;0 and KjO arc reduced to zero and converge at SiO- 41.5 *!o. MgO and FcO 
-i’i.l ai SiO, II ■■ >i indie ■ the comp isin< n -r th>. • li ni i >, \ m 

pmdinr composition B (after Cot tt al., 1979). 

An extract calculation for a partial moiling trend will not resolve into exact 
mincralogical constiiuonts, whereas one based on a fractional crystallization trend 
should resolve exactly. Unfortunately these observations may not be as useful as 
they first appear, for Cox et at. (1979) point out that extract calculations are inexact 
when the minerals plotted show complex solid solution and that there are statistical 
uncertainties in fitting a straight line to a trend on a variation diagram Thus in 
practice the differences between the effects of partial melting and fractional 
crystallization will be difficult to observe because of the imprecision of the method. 

Addition- An alu" inu- approach to identifying the composition of the solid phase is to use 
subtraction an addition -subtraction diagram to calculate the composition of the phasefs). In this 
diagram* ease, rather than just using two elements, the entire major element chemistry* of two 
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TrtnJi ikovtHg 
an inflection 


Scattered (rends 


or more rocks is used. The mcitonl is illustrated in Figure 3.20. in which the uxidc 
concent rations of two rocks arc plotted on a Marker diagram showing sct.cn 
superimposed oxides. Back projection shows that five of the elements converge and 
reduce to Jtero at 41.5 °« SiO», consistent with olivine control The composition of 
the olivine can be estimated from (he dtagram and a simple calculation shows that 
composition A can be converted to 13 by the removal of 15 , '«* olivine A similar 
explanation can be given to the data from Kilauca Iki lava lake in Figure .vH 

In some volcanic rocks, particularly members of the calc alkaline series, there 
may be a very large number of phenoervsts (nlivme-clinopyroxcnc biutitc 
plaguK'lase-K-fcldspar-iiphene-.ipaitte magnetite). In this case graphical 
methods mav m>t easily produce a solution and the calculation is better handled by 
a computer f in mpi-rant to note, however, that there may nut be a unique 
solution to more complex extract calculations, in andesites, for example, there is the 
ambiguity that the mineral assemblage (p)agiodase-olivinc or orthopyr- 
nxenc- jugitc-magnetile) b chemically equivalent to hornblende (Gill. I^Sl) 

Kxtracl calculations may also lie limited in their use it ll) the liquid line of 
descent is actually a mix of several lines, (2) solid solution changes the composnir p 
of the crystallizing phases during fractionation. (3) the phenoervsts present in 
magma art not representative of the fractionating phases. 

Some variation diagrams show segmented trends. In this ease the inflection is 
generally taken to indicate either the entry of a new phase during crystal 
fractionation or the loss of a phase during partial melting- Figure 3.21 shows a 
(jU-MgO variation diagram for Hawaiian lavas (Peterson and Moore, 1^'vi 
Below about 7% MgO, CaO correlates putatively with MgO, indicating the 
removal of CaO and MgO from the liquid in the copredpitaiion of plagiocljse and 
ctinopyroxene Above 7% MgO, (j() and MgO correlate negatively because this 
part of the trend is controlled entirely by olivine. Inflections arc not visible on all 
variation diagrams ul a rock series and will 'inly be apparent where the chemist of 
the extract is reflected in the plotting parameters. However, when inflections are 
prescat they should be located at the same point in the rock series in each ease. 
Inflections are most obvious where the number of fractionating minerals is small, 
such as in basaltic melts. In calc alkaline volcanic rocks, where the number of 
fractionating minerals is large, the entry or exit of a single phase may not 
sufficiently affect the bulk chemistry of the melt to feature on a variation diagram. 

Variation diagrams sometimes show a cloud of data points rather than a neat linear 
trend. In the case of sedimentary rocks, this may he a function of the mixing 
processes leading to the formation of the sediment. In igneous rocks, however, 
where liquid-crystal equilibria are controlling compositions it is important to 
consider that some of the possible causes of scatter for this may throw further light 
on the processes. Similarly, in metamorphic rocks scattered trends may retfcit the 
geochemical imprint of a metamorphic process on earlier igneous mi scdimenun 
processes. 

Some common reasons for scattered trends on varation diagrams for igneous 
rocks arc: 

(I) \ot sampling liquid compositions In highly porphyritic volcanic rocks much 
of the ‘noise’ in the data may be due to the accumulation of phcnocryxix. In 
the ease of many plutonic rocks it b very difficult to prove from field 
observations that the sample* collected represent liquid compositions and in 
some eases it is highly improbable. 
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Figure 3.2/ 


-t computer- 
!>\tteJ approach 
to mixing 
calculations 



Bivariate plat of CjO vs MgO for basalts and related rocks from l (a wjii. The change in slope 
at a boor Mid) 7 % suggests a change in the tract lonanng phases at iHls point (after Peterson 
and Muorc, 1987; courtesy of the US Geological Survey), 

(2) The samples are not from a single magma. This can Ik* true even for lavas 
from a single volcano, 

(3) A changing fractionation assemblage during fractional crystallization. 

(4) Sampling procedures; parameters such as sample size relative to the grain size 
of the rock, sample heterogeneity and the number of samples collected are all 
relevant in dilTcrcnt contexts. The problem of sampling hias is well illustrated 
In \cikcn 1 I'-ISS;. who emphasizes the necessity for detailed sampling if the 
process to be resolved rakes place on a fine scale. 

1 5) Uncertainty in the analytical measurements. This may be due to the fait that 
analyses were made using different techniques or in different laboratories — 
both practices to he avoided if the data arc to be plotted on the same diagram 

There arc a number of computer programs which can be used to interpret trends on 
variation diagrams and to solve mixing problems of the type described above. 
Fractional crystallization, for instance, may be expressed as; 

rock A = roek B - (mineral X + mineral Y + mineral Z) 

In this ease a graphical solution will not yield a precise result whereas a computcr- 
hased, iterative mathematical procedure can estimate the proportions of the relative 
fractionating minerals. Similar formulations for mixing resulting from assimilation 
and partial melting mav also be derived and these are equally amenable to computer 
solution. 
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Mixing programs of this type have been described by Stormer and \ichulfs 
(1978) and l.c Maine (1981); these works include the computer source code in 
FORTRAN IV. Their aim is to minimize the difference between a measured rock 
composition and a composition calculated on the basis of a mixing hypothesis The 
success of any model is estimated from the residuals of the calculation ■ - the 
difference between the actual and calculated compositions. In Table 3.5 the results 
of a mixing calculation for the Columbia River basalts are presented (Wright, 1974) 
'Hie hypothesis to lie tested is wherher rhe highly differentiated Umatilla ‘basalt’ is 
detiicd from the less evolved Lolo basalt. The differences between the calculated 
composition and the actual composition ol the Loto basalt, using the mixing 
program of Wright and Doherty (1970), suggest that the solution is accrr-i 
Examination of the residuals (the ‘difference’ in 'fable 3.5) confirms this, f..r they 
are small and the sum of the squares of the residuals is also very small. 

Before accepting the results of such a calculation, however, they should be 
evaluated petrologicalI\ and the postulated fractionating pluses (their relative 
proportions and their compositions) should be compared with the phenocrysis 
prv -erit in the lava suite. Where the rock has a complex history the mixing may be 
better formulated as a series of steps. Furthermore, it is important to sires'- that 
whilst a computer solution will produce a best-fit result, the result is not necessarily 

unique. Accordingly many workers seek to test mixing models initially p: . I ■ 

rhe basis of major element chemistry with trace element data. 


3.3,4 Modelling major element processes in igneous rocks 

An alternative to the deductive use of variation diagrams in • i n ;, petrological 
processes is an inverse approach in which the major dement chemistry of’ an 
igneous suite is predicted from an initial starting composition. 'This type of major 
dement modelling has been used chiefly to investigate fractional crystallization, 
although it also has other applications. The aim is to calculate, in a given silicate 


Table .?..i Differentiation of Colombia River basalt (Wright, 1974) 


Lulo basalt s Umatilla basalt 4* oh< + .> ■ - | i >. - ti Ti unities + apatite 



Proportion SiOi 

(%) 

TiO* 

AIA 

FcO 

MnO 

M«0 

CaO 

n*» 2 o 

K>0 

p A 

L nutilli 

44.76% 

54.94 

2.64 

13.87 

12.58 

(1.22 

2.70 

6.27 

3.24 

2.60 

1 02 

Olivine 

3.77% 

3641 

0.02 

0.83 

30.52 

U.25 

31.65 

0,35 

0.00 

0.00 

0.00 

Augitc 

18.73% 

51.89 

0.91 

1.61 

13.65 

0.32 

14.73 

16.63 

0.21 

006 

0.06 

Plasnoclasc 

25.16% 

54.57 

0.00 

28.95 

0.00 

U.00 

0.00 

lUft 

5.H 

0.21 

0.00 

Fc-Ti oxides 

6 95% 

010 

27.38 

1 53 

68.83 

0.44 

1.76 

0.00 

0.00 

000 

ooo 

Apatite 

0.67% 

0.00 

0.00 

0.00 

0.00 

0.00 

0.00 

56.00 

0.00 

0.00 

44 00 

Calculated composition 

49.41 

3.25 

13.93 

14.11 

0.20 

5.28 

9.11 

2.78 

1.22 

0.76 

Irolu basalt 


49.34 

3.24 

13.91 

14.10 

0.26 

5.28 

9.12 

2.81 

1.25 

0.76 

Difference (Lolo 

- calculated) -0.07 

-0U1 

-0.02 

-0.01 

0.06 

0.00 

0.01 

0.03 

0.03 

0.00 

Sum of squares 


0.011 
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liquid, the nature of the first crystallizing phase, its composition and temperature of 
crystallization and the crystallization sequence of subsequent phases. 

Three dilTerenr approaches have been used. Firstly, the distribution of the major 
elements between mineral phases and a coexisting silicate melt may be calculated 
from experimental phase equilibrium data using regression techniques. Secondly, 
mineral-melt equilibria can be determined from mineral-melt distribution 
coefficients. A third, less empirical and more complex, approach is to use 
equilibrium thermodynamic models for magmatic systems. These require a 
thermodynamically valid mixing model for the liquid and an internally consistent 
set of sotid -liquid thermochcmical data 

The scmi-cmpirical regression method was used by Nathan and Van Kirk (1978) 
to relate liquidus temperature to melt composition. From this relationship they 
were abli- t .j determine mineral compositions and the fractionating mineral 
assemblage at I arm pressure in both mafic and fclsic liquids. Hostetler and Drake 
(1980) also used a regression technique but calculated solid liquid distribution 
coefficients lor dglu major element oxides in the silicate melt. This permitted the 
calculation of phase equilibria for melts containing olivine, plagiocbisc and pyroxene 
from the melt composition but did not provide information on liquidus 
temperatures. 

The alternative to the semi-empirical experimental approach to major element 
modelling is the thermodynamic modelling of silicate melts as described by Houinga 
..j !. 11981), Ghiorsn (1985) and Ghiorso and Carmichael (1985). Ghiorso (1985) 
has developed an algorithm for chemical mass transfer in magmatic systems which 
predicts melt composition, mineral proportions and mineral compositions, and 
Ghiorso and (armichad (1985) have demonstrated its usefulness when applied to 
fractional crystallization and assimilation in mafic melts at a range of pressures. 
Thermodynamic modelling, however, has an insatiable appetite for high-quality 
thermochcmical data w hich do not exist tor many minerals of interest in magmatic 
systems, thus severely limiting the applicability of this approach. 

The chemical modelling of partial melting is even more difficult than the 
processes described above, for there is no general theory of melting which can cope 
with the multiphase, multicomponent nature of the Lurlh's crust and mantle at a 
range of pressures. Hanson and Langmuir (1978) and Langmuir and Hanson (1980) 
modelled basaltic systems from single-element and single-component mineral-melt 
distribution coefficients. These are combined with mass b.il.n.u. <. sidcrations and 
the stoichiometry of (he mineral phases to calculate phase equilibria. Particularly 
interesting is their model for the partial melting of mantle pyrolitc at I atmosphere 
pressure. L’sing the equations of Roedcr and Emslic (19711) for the partitioning of 
magnesium and iron between olivine and meil, they calculated the abundances of 
MgO and FeO in the resultant melts and residual solids. These results are 
presented on an MgO-FeO cation % diagram which shows a field of melts and of 
residual solids, both contoured for percentage partial niching and temperature 
{Figure 3.22). Superimposed on the melt field arc fractional crystallization trends 
for olivine in melts of differing composition The diagram in Figure 3.22 cannot be 
used to define uniquely a partial melting trend from a given source, but it dues 
dclimir a field of permissible melts and for primary melt compositions can give 
information on the liquidus temperature and fraction of partial melting of the 
sourcc. In addition, olivine fractional a >stallization paths may he plotted fora given 
melt composition and the dtffcrencc between equilibrium and fractional crystalliza¬ 
tion trends demonstrated {Langmuir and I Ian son, 1980; Francis, 1985). 
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Figurt 3,22 Fields of partial melt and residue, calibrated in hquidus temperature and percentage melting. 

fur the partial melting of nun tic p) relit e plotted un a FcO-MgO diagram expressed m 
oitinti mol °i> {calculated after the method of Hanson and Iungmuir, 197H). The parent 
composition is where the two fields meet. The curved lines with small rides show the trend of 
liisme fractional crystal li/at ion; the ticks are at 5% intervals (from Iungmuir .. I Ti -.xon, 
1980). 

3.3.5 Discussion 

Finally, ir should be manboed rh.n variation In mis which utilize only the 
major elements have their limitations Rarely can geological processes be uniquely 
identified from variation diagrams which use the major elements alone, and 
diagrams incorporating either trace elements or isotopes, as discussed in succeeding 
chapters, must also be employed. 


3.4 Diagrams on which rock chemistry can be plotted together with 
experimentally determined phase boundaries 


A number of igneous systems have been sufficiently well determined in the 
laboratory to allow the geochemist to interpret natural rock compositions in the 
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light of experimental!) determined phase boundaries. Phase diagrams of this type 
serve two useful functions. Firstly, they allow natural rock data to be projected onto 
them for interpretive purposes Secondly, they allow the experimental results of 
different workers to be plotted in the same projection and thus compared. This 
becomes particularly pertinent when experiments in the same system have been 
carried using different experimental techniques and different starting materials. 
Unfortunately, in the maze of experimental data there is a w ide variety ut plotline 
and projection procedures for similar experimental systems. Thus similar diagrams 
showing the same data may appear diHeronl simply js a (unction of the projection 
procedure, I’hc aim of this section therefore is to describe some of the main 
diagrams and projection schemes used in plotting experimental and natural ruck 
lata i summary of the systems described isgi\;i i H--■ s > ..> 


Box 3.3 


Granite systems 

AJbite-orthoclase-flilica 
? Water 
+ Arorthite 

Nephniine syenite system 

Nephelino-kalsifitc-silica 

Basaltic systems 

CMAS 

Diagrams of O'Hara 11968) 

Yoder-Tilley normative basalt tetrahedron 
Projections in OI-PI-Di-Q 
The normative Ne-Di-OI-Hy-Q diagram 

The low-pressure tholeiitic phase diagram of Cox et el ft979.1 

Cate-alkaline systems 

The olivine-clinopyroxerte-silica projection of Grove et et. 119821 

The olivine-diopside-quartz - onhoclaso projection of Baker and Egglei ^ 1983) 


In many of the experiments on granitic and basaltic systems the aim of the 
experiment has been to determine the composition of minimum melts at varying 
pressures in systems of increasing compositum-il complexity. In this way the 
composition >>' Inst melts can be determined. Thus natural ruck compositions 
presumed to represent primarv liquid compositions may be compared with the 
composition of experimentally determined primary magmas. In many cases 
experimental petrologists have conducted their experiments un simplified rock 
compositions and so analy ses of natural rocks have to he recalculated into a form that 
is appropriate to plot on the phase diagram. The success of this approach depends 
upon the extent to which the system under investigation matches the natural roek 
composit ion; to a first approximation this may he measured by the proportion of the 
rock composition which enn be used in the projection. As Is shown below, however, 
sometimes the presence of only a few per cent of an additional component may 
dramatically change the position of the phase boundaries. 
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h^urt 3.23 Minima and cutetlia in flic system albite-quartz-orthoclrac-lNO projected from HjO ontu 
the plane Ab-Q Or for I aim |+) and 0.5 to 30 kb pressure (•). Also shown (o) are the 
minima fur the anhydrous system at 4 and 10 kb pressure. The sources of data and the 
plotting positions arc listed in Tabic 3.6. 


3.4.1 The normative albite-orthodase-quariz diagram - it id Variiie 
system' 

'Tuttle and Bowen (1958) demonstrated a marked coincidence between the 
compositions of natural rhyolites and granites containing more than 80 wt ,J u 
normative albitc, onhoclasc and quartz and the normative compositions of 
experimentally determined minima in the system albitc-orthodase-quartz-HsO. 
Their observations provided a way for igneous petrologists to attempt to correlate 
experimental information with analytical data projected into the system 
Ah-Or-Q-II^O. Tuttle and Bowen (1958) and subsequent workers have 
determined the compositions at which the phases quart/, or! ■ ihisc ,iiid albite 
coexist with a water-saturated melt at a variety of pressures (see Table 3.6) and 
plotted their results as a projection onto the anhydrous base of the tetrahedron 
Ab-Or-QrHjO (Figure 3.23). The plotting procedure requires three steps: 

(1) calculation of the C1PW norm from the chemical analysis; 

(2) the summation of the normative values of albite, orthocla.sc and quartz; 

(3) the recasting of these values as a percentage of their sum. 

These values arc plotted > n ,i triangular diagram. The results of these experiments 
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: 'j l'Jmnng i , oonliniM« of minima and cutccncs in the "granite" system 


’ressure Temperature Composition 
kb) (*C) (wt%) 

Ah Or Q 


11,0 
(v»"i %) 


Reference 

%yUem: AtbUc ortho eta ir yua rtz-H/) 





0.(10l 990 

33 

33 

34 


0.0 

Minimum 

Sihaircr am Bov.cn (1935) 

0.490 770 

30 

30 

40 


3.0 

Minimum 

Tuttle and Bowen (1958) 

0.981 720 

33 

29 

38 


4.4 

Minimum 

Tin tic and Bowen (1958) 

1.961 685 

39 

26 

35 


6.5 

Minimum 

Futile and Bowen (1958; 

2.942 665 

42 

25 

33 


8.3 

Minimum 

Tuttle and Bowen (1958) 

3.923 655 





9,7 

Eutectic 

Tuttle and Bowen (1958) 

4.000 655 

47 

23 

3H 


9.9 

Eutectic 

Steiner ft at (1975) 

5.000 640 

50 

22 

28 


11.0 

Eutectic 

Luth ft at. (1964) 

0.000 620 

56 

21 

23 


17.0 

Eutectic 

T.uth ct at. (l%4) 

0.000 630 

63 

19 

18 


21.0 

Eutectic 

Huang and H jfllie (1974) 

0.000 680 

67 

18 

15 


24.5 

Eutectic 

Huang and Wyllie (1975) 

Alhft-frthvi lasr fuM (Jr)') 





4.000 1000 

32 

44 

34 


000 

Minimum 

Steiner ft at. (1975) 

0.000 1070 

26 

45 

29 


000 

Minimum 

Huang and Wyllie I1975) 

i ytfrm Ubitc t/rtfuuhwr qmriz jjrnlkurH jO 




1.000 730 

32 

29 

39 

Ait) plane 

nd 

Piercing point 

James and Hamilton (1969) 

1.000 745 

22 

36 

42 

\n<[ plane 

nd 

Piercing point 

James and Hamilton (1969) 

1 000 780 

11 

42 

47 

An; ) plane 

nd 

Piercing point 

1 ' 1 imilton (1969) 

lytlem: ilbut^rtkucldit-ifuariz-li 





1 (MHl 690 

45 

26 

29 

1 % F 

«*» 4.0 

Minimum 

Manning (1981) 

1.000 670 

50 

25 

25 

2% F 

ca 4.0 

Minimum 

Manning (1981) 

1 000 630 

58 

27 

15 

4% F 

(a 4.0 

Eutectic 

Manning (1981) 


ml, not determined 


w.o i-i.-t : ; k quartz-alkali feldspar boundary moves sway from the quart? apex 
«ith increasing pressure from ! to 10 kb. A lesser expansion is observed between lit 
and 30 kb. At approximately 3.5 kb, 66(1 C C the quart/, alkali feldspar field 
boundary intersects the crest of the .ilkaLi feldspar so I v us and the liquid at this point 
coexists with quartz, ortho, List- .md .Jbitc (Merrill el <i/,, 1970). At 30 kb the 
assemblage is coesite sanidine hydrate - jadeiite Thus a direct comparison can be 
made between experimental!v determined phase boundaries and natural rock 
compositions, 

A number of authors have urged great caution with the above procedure when 
applied to granites ll.uth, 1976; Steiner <t e/., 1975), for there are several 
fundamental differences between experimental conditions and the natural plutnnic 
environment. They emphasize Lhat the bulk composition of a rock cannot be used 
alone io estimate uniquely its crystallization history and the pressure, temperature 
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and water activity of the melt. The result obtained will be ambiguous and 
parameters such as pressure, temperature and water activity must be determined 
independently The interpretive use of the Ab-Or-Q_ diagram must therefore be 
restricted to a generalized, qualitative description of processes with bread rather 
than specific applicability. The reasons for this arc outlined below. Firstly, in most 
experimental investigations compositions are projected tmm I M") onto the plane 
Ab-Or-Qand it is assumed that the melt is water saturated Secondly, experiments 
in the system Ab-Or-Q.are not directly applicable to natural tods because they do 
not take account of additional components such as anorthitc, ferromagnesun 
minerals or phases representing an excess of alumina over alkalis. These have a 
considerable effect on the position of the determined eutectics- Thirdly, it is 
important to know whether the bulk compositions sampled represent igneous liquid 
compositions or whether they are in part crystal cumulates. 

Since few natural rocks approximate to the system Ab Or-QTIjO. in rhe 
sections that follow we discuss experimental results which attempt to approximate 
more closely to natural compositions. We look at the effects of reducing the water 
content of the melt and adding annrrhire to the melt, thus extending the 
applicability of this system to granodionu id mnalitcs. 

Hater- There are few data for watcr-undcrsaturjtcd equilibria iu ih '■!• in Q_-HyO 
uHilrruiturateJ system, particular!', h r the ternary minima. The best data arc those of Steiner et at. 
equilibria (1975). who investigated the system at -I kb and presented results for the water 
saturated and the dry systems (see Table 3.6). Luth (1969) has estimated the 
position of the 10 kb dry minimum and Huang and Wyllie (1975) have estimated 
the position of the 30 kb dry quartz alkali feldspar field boundary. Figure 3.23 
shows die positions of the minima in the dry system at 4 kb and ID kb, which nay 
be compared with positions of the eutectics in the hydrous system. 


Vhe presence of The addition of anorthitc to the ‘granite’ sy stem shifts compositions into the 
anorfhuc granodiorite and tonalite fields. This was investigated by James and Hamilton 
(1969) at I kb who found that the position of the piercing point minimum shifts 
towards the Or-Q. side of the projection wiih increasing anorthitc, indicating m 
increase in the primary phase volume of plagiodasc (Figure 3-24). W inkler ! ! L *7<v 
also emphasized the importance of pbgiocta.sc, especially when considering partial 
melting in felsic rocks, although Johannes (1981), 1983, 1984} has been unable to 
duplicate Winkler’s results and considers that they represent mcrastablc data. There 
are, therefore, few reliable data from which scmihlc interpretations may be made of 
granodiorites and tonalites; any such data arc for water-saturated equilibria. 


3.4.2 The silica undersaturated portion of the normative 

nepheline-kalsilite-silica diagram — the 'nepheline syenite' system 

Experiments by Schairer (1950), Hamilton and Mackenzie (1965), Taylor and 
MacKenzie (1975) and Morse (1969) have determined the positians of the 
nepheline syenite minima at pressures of I atm, I kb, 2 kb and 5 kb, respectively, in 
the warcr-samratcd system. These data are presented in Figure 3.25 as CIPV\ 
normative wt %, in a projection from 1TO onto the anhydrous base of the system, 
the plane nepheline kalsilite sitica Unlike the granite system, the position of the 
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Fifttrt .124 Prnjcctioo* onto the plane aJbitc-quara-orthodflse from Hj|0 at ! kb. The pure system is 
represented by a cross (+) • Piercing potnu for the planes 3 %, 5 % and 7.5 % anorihite; o, 
minima and cutcclio for the llunnne-beuring system. Ttic sources uf data and the plotting 
positions arc listed in 'Cable 3.6. 

minimum does not change greatly with increasing pressure anti shifts only slightly 
inwards the ncphelinc corner (Table 3.7, Figure 3.25) although the remperature of 
the minimum f.ll , 'muc -WO ( .>% ihe pressure interval 0 to 5 kb. In addition 
there is .i dramatic decrease in die size of the Icucitc field. 

Ilamilton ami MacKCen/ic (1965) show that rocks with 80% or more normative 
ncphdiiu-, alhite and orthoclase plot close to the I kb nepheline-sycnile minimum 
(albite and orthocla.sc are recalculated as ncphelinc +■ 2 silica, and kalsilite + 2 silica, 
respectively). However, at Host, These experimental data lend themselves to the 
quatirirativc interpretation of natural alkaline rocks. 

3.4.3 Basaltic experimental systems 

There are two main projection schemes that arc used for the major element 
compositions of basaltic rocks. One is the CM AS sy stem, in w hich an analysis of a 
basalt is approximated by the tour oxides CaO MgO-AI,O v SiO*. The other is a 
normative scheme bused upon the main minerals observed in basalts — 
ncphelinc-diopside-olivine-anorrhirc and quart/, 'Hiis projection is based upon the 
classification scheme for basalts proposed by Voder ami 'Tilley (1962) in which the 
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r igurr 3,25 Projtcrioitt onto the plane ncphdtnc-qiurtz -kasilttc from lljQ in the ncphctinc syenite 

system at I atm 1, 2 anil 5 kb pressure, showing the contraction of the lcucite field with 
increasing pressure and the position of the minima {•) The data sources and plotting 
positions are given in Table 3,7. 

minerals nepheline diopside olivine and qLurr/. arc plotted at the apices of a 
tetrahedron (Figure 3.26a). 

CMAS diagrams 'Ihc components of the CM AS system (CaO- YlgO\TO;SiOi) comprise about 
70-85 wt '!o ol most basalts and more than 90 wt ‘:» of most mantle peridotites. For 
this reason the CMAS system is used by experimental penologists as a simplified 
analuguc of more complex basalt and mantle systems. The CMAS projection 

Tahir 3.7 Minima in the nepheline syenite system 


Pressure 

<kb) 

Temperature 

(*Q 

Composition 

(wt%) 

Reference 



Nc 

Ks 

Q. 


0.001 

1021) 

51 

15 

34 

ScHaircr (1950) 

0.981 

750 

5ft 

19 

31 

Hamilton and YlacKawic (1%5) 

2.000 

710 

51 

20 

29 

'Taylor and MicKen/ic (1975) 

5.000 

635 

53 

19 

28 

Morse (1970) 
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D. 


D. 



figure X26 (4) The Yoder-Tillo basalt tetrahedron. The plane normative I>i -Ab-Kn is ibe plane flf 

silica saturation and the plane nonnaiive Di-Ab-Fo is the critical plane of silica 
un«lersaruratioti (b) The silica saturated part of the Yoder-Tilley basalt tetrahedron shown 
m (a) expanded into a tetrahedron showing the plane of silica saturation. 

provides an excellent framework in which the possible melting behaviour of upper 
mantle materials may be discussed, and is a powerful tool in constructing 
petrologies] models. It may Ik* used to compare the chemistry of particular ruck 
suites with experimentally determined phase boundaries at low and high pressure. 
Partial melting trends may be identified from a linear array of rock compositions 
projecting through The plotted source composition, and fractional crystal fixation 
trends may be identified as linear arrays projecting through the composition of the 
fractionating phases), 

(a) Projecting rock compositions into CMAS The CMAS system was first used for 
mantle and basaltic compositions by O’Hara (1 yfiS), who proposed a polvbaric phase 
diagram for dry natural basalts and ultramafic rocks up tn pressures of 30 kb. He 
devised a scheme whereby natural rock compositions could be presented in such a 
way as to be directly comparable with experimental results in the system 
CaO-MgO- AM) s -Si()> (CMAS). Weight % oxides are converted to molecular 
proportions and the plotting parameters arc calculated as follows. 

(. (mol. prop. CaO - 3.33 P>0 5 + 2Na 2 0 + 2K.O) x 56.08 

M = (mol. prep. FcO + MnO + NiO + MgO - TiO,) x 40.31 
A = (mol. prop A1 2 0 ; + Cr 2 0 ; + Fc 2 0, + Na 2 0 + k 2 0 + Ti0 2 ) x 101% 
S - (mol prop Si() 2 - 2Na*0 - 2K,0) x 60.09 

A model calculation is given in Table 3.8. A simplification of the calculation scheme 
which ignores the minor elements Ti, Cr and Ni is given by Adorn (I9H8). 

Rock compositions arc usually presented in fine of three projections, chosen to 
include the important mineral phases and to minimi/e anv distortion from the 
projection. The most used protections are: 

(a) from olivine into the ptanc CS-MS-A; 

(b) from enstatite into the plane MjS-AjSrQS,; 

(c) from diopsidc into either the plane C t A ,\1 S or CA- \1S. 
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Table 3.8 


(jiedition scheme for ihc CM AS projection 



Wi % 
uxide 
ui rock 

Yiolocubr 

weight 

Molecular 

proportions 

SiOj 

46.95 

60,09 

0.7813 

TiO, 

202 

79.90 

0,0253 

AI/>, 

13 JO 

101.96 

0.1285 

Pcp 3 

1.02 

159.69 

0.0064 

KcO 

10.07 

71.85 

0.1402 

MnO 

0.15 

70.94 

0.0021 

MgO 

14.55 

40.30 

0.3610 

CaO 

10.16 

56.08 

0.1812 

Sap 

1.73 

61,98 

0,0279 

K-.0 

o.oa 

94 20 

0.0008 

PA 

0.21 

141.95 

0.0015 

Total 

100.04 




C l MS plotline paramettn: 

C = 13.110 
M = 19.269 
A = 19 261 
S = 43.493 


fmrumftcn fb> ikt ulntm ti . ram olivme .-V IJ.S J; 

Utin.q tkt equation t>/ Cat ei ai (1979) 

+ P ^57 + .vM-to iSy»* + eA tw , 

where p in the amount of olivine required to bring the rod. into the required pbne, 
x x y.~ when recast as percentages are the plotting; parameters for CS, MS and \, jnd 
r, m. a and t arc the calculated values for C, M, A and S for the rock. 


Balancing C, 

48.3.r =13.11 

Balancing M* 

40.1)- = 57.3; + 19.269 

Balancing 

: A, 

lOOi = 19.261 

balancing S. 

51.7* + 59.9) = 43.493 + 42.7; 



C%) 

X 

0.271 

27.952 

y 

0 507 

52.212 

z 

0 193 

19.835 

Sum 

0.971 



Equation lor projection from orthopyrotenc into MjS-CjSj-AjSj: 
CAi.A^S, + /> M + , t S 5VSl = v MgjSftf + V 6 + * AjjlSj&g 

Equation for projection for diopsidc min C,A M S: 

CyH,A,S, + p C2j}\l|t«3stj ~ * Qa vAjj'j + y M|« + * S^ 
(from Cox et *L, 1979). 


'Hie olivine projection is illustrated in Figure 3.27, This plane contains all the 
pyroxene solid solutions and the gamer solid solutions. The olivinc-plagiodasc 
piercing point is die point at which the olivine plagindasc join cuts the CS-MS -A 
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S 



A 



Ftgurt 3.27 The CM AS projection for basaltic ami mantle compositions I'mjvcrion from olivine (MjS) 
onto the plane C-S MS \ in the CM AS ys -item showing invariant peri tec tic points lor l atm, 
and 10, 15, 20 and 30 kb. The olivine-gabht a plane divides the diagram into nephdmc 
normative compositions (ensutitc-poor) and tholctitic compositions (cnstatite-nch). The 
stahilil v fields of the dilTerctil phases arc indicated (PI, plagiuclasc; Op*, urthupyroxcnc; Cpx, 
dittopyroxene; Sp. spinel; Gt, gamer) and in addmon all fields include olivine. The inset 
shows the relative positions of olivine and the plane uf projection in the olivine projection of 
the l.,.\lAS svstem \US is olivine, MS enstatite; all feldspar b proiectcd as equivalent 
anorthitc (CASj), all Hercynilc, ulvuspinel, magnetite and chromite a* spinel (MA), all 
Fe-Ni-Mg olivines as forsrerne (MjS), all garnet plots Jong the grocsular (CjAS^-puope 
lM t ASt) join, and all clmopyroxcncs along the dtopsidc (CMS^J Ca IVhcrmak’s molecule 
(CAS) join. 

plane ami the line which joins this piercing point to dtopsidc (the olivinc-gabbro 
plane) is rhe plane of silica saturation. This olivinc-gabbro plane divides the 
diagram into Ne-normative compositions on the En-poor side and thoJciilic 
compositions on the Kn-rich side. An example of the calculation procedure lor 
projecting a basaltic composition from olivine onto the CS-MS-A plane is given in 
Table 3.8. 

(b) Interpreting CM3S diagrams For a projection to be useful in interpreting 
crystal liquid equilibria, it must he made from a phase which is present in the melt, 
for otherwise the observed trends are meaningless. Secondly, the projection should 
not he made from a phase at an oblique angle to the projection plane, for then 
trends which are simply a furuTmn of the oblique projection can be misinterpreted 
and given geological significance where there is none. 
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One of the problems with the CM AS project nm is that, whilst it uses all the 
chemical constituents of a rock analysis and so is applicable to natural rocks, the 
effects of individual components cannot be easily identified. The converse problem 
derives from the smalt number of components used in the experimental system, for 
the effects of small amounts of additional components on the position of the phase 
boundaries is largely unknown. Na is likely to have the most important ,tfo. 
(Thompson, 1987), but Fe (Ilcr/berg, 1992), H»0 (Adam, 1988) and possibly Ti 
arc also likely to influence the position uf the phase boundaries. 


Diagrams bated 
upon tkc Yodcr- 
Tilley (1962) 

C1PW normative 
tetrahedron 

(a) Projections in the tholeiitu basalt tetrahedron Ol-Pf-Di-Q Three slightly 
different algorithms have been devised for plotting experimental data for thole ikes 
in the silica-sat united part of the Yodcr-TiUey tetrahedron (Figure 3.26b). The 
rcsutis -it rlusc i.-.'ii" l.-.t on schemes arc presented in ".lKl 3.' 

Presnall et al. (1979) recalculated rock compositions as CIPW norms, setting the 
Fc 2 "V(Fc~ + + Fc' h ) ratio to 0.86. The mineral proportions arc expressed as mol per 
cent and plotting parameters are defined as follows; 

PI = normative (Art + Ab) 

01 = normative (Fo + Fa) 

Q. = normative SiOi 

Di = normative (Di + lied) 

Hypemfcene is allocated to olivine and quart/, The main projections in the 
tetrahedron Di-OI PI-Q,{Figure 3.26b) arc from diopsidc onto the PI Ol Q fate, 
and from, plagioclasc nnto the Di Ol-Q face. In the ease of the plagioctasc 
projection, the proportions of Di, Ol and Q_are normalized to their sum and plotted 
on a molecular basis. The diopside projection is calculated in a similar manner. A 
model calculation is given in Fable 3.9. 

Walker et <il, (1979) developed a different algorithm for plotting data in the same 
projections as PresnoJl et a( (1979), although Presnail and Hoover (1984) noted that 
the end result was similar. Weight % oxides arc divided by their molecular weight 
to obtain molecular proportions and the plotting parameters arc calculated from the 
molecular proportions as follows: 

PI .AG = AIA + Na 2 0 + K 2° 

DI = Cab - A1 2 Oj + Nab + K 2 0 

OL = (FcO + MgO + MnO + 21 cv(), + A 1,0, - CaO — Nap — K 2 0)/2 

SIL = StG 2 - (A1 2 0, + FcO + MgO + MnO + 3CaO + llNa,0 + ‘ 

I1K 2 0 + 2Fcp 3 )/2 

They use the notation DI-OI.-SIT. and OL-SIL-PI..AG for projections from 
plagtodase onto the Di-OI-Q.faec and from diopsidc onto the PI -Ol-Q.lace. In the 
case of the plagiocl.ise projection (Table 3.9), the proportions of DL OL and SIL 
are then normalized to their sum and plotted on a molecular basis, 

Flthoo (1983) proposed a third algorithm arguing that chemical trends in 


JTil normative nephcline-diopside-olivinc-quartz tetrahedron (Figure 3.26a) 
originally proposed by Yoder and Tilley (1%2) for the classilicatinn of basalts, has 
been extensively used for comparing the results of experimental studies on basalts 
with nock analyses. Various projection procedures arc in use 
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Projection procedures for luvifi!, <,niii]n#>ilkwis within the Yoder—"Tilley tetrahedron 



Wt% 
oxide 
of rock 

Molecular 

weight 

Molecubr 

proportion:* 


Wl% 
apw 

norm 

Molecular 
vi right 

Norm/ 
mol m. t 

Norm 
<mul %) 

O, 

50.68 

60.09 

0.8434 

0. 

0.00 

60 

0.000 

0.00 

iOj 

0 73 

79.90 

0 0091 

Or 

461 

556 

0.008 

2.27 

i > o , 

14.17 

101% 

0.1390 

Ab 

21.37 

524 

0,041 

11.14 

.-Pi 

0.00 

159 69 

0.0000 

Nc 

0.00 

284 

0.000 

0.00 

:0 

1229 

71.85 

0 1711 

An 

24% 

278 

0090 

24.53 

InO 

0.22 

70.94 

0.0031 

Di 

8,34 

216 

0,039 

10.55 

IgO 

8.85 

40 30 

0.21% 

Hed 

628 

248 

0 025 

692 

aO 

8.77 

56.08 

0.1564 

hn 

12.53 

200 

0.063 

17.12 

a>0 

2.53 

61.98 

0.0408 

Fs 

9.44 

264 

0 036 

9.77 

P 

0.78 

94.20 

0.0083 

Fo 

3.79 

140 

0.027 

7.44) 

P 

0,06 

141.95 

0.0004 

Fa 

3.15 

204 

0015 

4,22 





Ml 

2.96 

232 

0013 

’49 

uial 

99,08 



II 

1.38 

152 

0.009 

2,48 





Ap 

0.12 

310 

0.000 

0.11 





Sum 

98.93 


0.366 

100,00 


'fifing pr&cedtrrt of Pretnall tt .r t. (1979) 

I locate hypersthenc to olivine and quartz (1 mole Hy - 1 mole Oi + 1 mole C^): 


(mol %) 

= normative (.An + Ab) 

35.67 

1 = normative (Fo 4 Fa) H - 

38.50 

— i normative SiO) + My 

26.89 

i - normative (Di + Hed) 

17.47 

agioclasc project mu: 

4""} 

i 17.47 

21.08 

38.50 

4647 

26.89 

32.45 

im 82,86 



oiling proterfttrt of Walker tt a!. ( 1979 ) 

. = AljOj + Nap + K>0 
1 = Cab - Alp. Nap + Kp 

L. = (FcO + MgO + MnO + 2 Pep, + AI.O, - CaO - Nap - Kp)/2 
1 = .v ! \lp, + FcO + MrO + MnO + 3CaO + UNaP - JIK,0 + : I 1 V 


0.188 

l 0.067 

0.164 

L 0.072 


{ConitnufJ) 
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Table 3,9 

(Con arm tit) 


Plagtoclasc projection: 

(%) 

DI 

0.067 

22.0 

OL 

0.164 

54, t 

SIL 

0.072 

23.9 

Sum 

0.303 



Pbitrnf p>(ne<turt oj Elsk»n (1983) 

PI. = AljOj + Fcp, 

DI = CaO + Na.O + K,0 - Fc 2 Oj - AIjO, 

OL = (FcO + MgO + MnO - ti0 2 + Al 2 0, + FcjO, - CaO - Na,0 - K,0)/2 

Sll - StO. - (FcO + MgO + MnO TiOj + AljO, + Fe 2 0, + 3CaO + ‘Nj.O 4- 3K,op2 


PL 

0,139 


DI 

0.067 


OL 

0.3 IS 


SIL 

0.273 


PlaffiocLwc projection; 

(%) 

DI 

0.067 

10,11 

OL 

0.318 

48 35 

SIL 

0.273 

41.55 

Sum 

0 6SS 



oceanic basalt suites projected in the olivinc-dinopyroxene-stlica plane arc greatly 
improved if the plagioclasc feldspars arc separated along the anorthilc-albitc join 
and do not plot at a single point. In this projection, therefore, ptagiodasc 
compsjsititms are spread along the silica-anorthitc edge of the Di-Ol An -Q 
tetrahedron. The normative mineralogy is projected onto the planes CPX- 
OLIVINE-SI1JCA and OLIVINE-SILICA FLAG and the plotting parameters 
are calculated from the molecular proportions, as in the case of W alker er ai (1979) 
as follows: 

PLAG = AljOj + Fe 2 0, 

Dl = Cab + XaX) + K.O - Al 2 0, - Fc 2 0, 

OL = [(FcO + MgO + MnO - Ti<> 2 ) - (CaO + Na 2 Q + K 2 0) + 

(Fe 2 Oj + A1 2 Oj)]/2 

SIL = Si0 2 - [(FcO + MgO +- MnO - TiO^) + (A 1,0, + Fc 2 Oj) + 

3 (CaO + Ka 2 0 + K 2 0)]/2 

Fe**/Fer* is assumed to be 0 10 lhis method of projection docs produce different 
plotting positions from the algorithms of Ptesnall tl ai (1979) and Walker el ai 
(1979) and a model calculation is given in Tahlc 3.9, 

(b) The normative Ne Di Ol Hy Q diagram This diagram represents the left- 
hand face of the Yoder Tilley (1962) tetrahedron together with the front face 
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Figure F2'H Normative ncphdinc-olivinc^diopnde-hypcmhcnc-iiuartz projection after 'nHunpson 
(19S4), showing the compositions of initial melts in tl»c CMAS system, MORB source and 
fertile anhydrous mantle at a range of pressures fin kb) The inset shows die relationship of 
the diagram to the surface of the Yoder Tilley basalt tetrahedron. 

expanded into two equilateral triangles. It was presented in Section 3.2.2 above as a 
means of classifying basalts using their CBPW normative compositions (Thompson, 
19X4). I lowcver, it was also used by Thompson to display experimental data for 
both saturated and under saturated basalts (Thompson, 19X4, 1987) and to show the 
changing composition of initial melts of different mantle compositions, produced at 
different pressures (figure 3.28). C.IPW normative compositions calculated on a 
ist' •* basis arc plotted on one or other of the three inangles. Ft^Oj is calculated as 
15% of the total iron content. 

(f) The fo/r pressure ifialeiilic baiuh phase diagram (Cox et ai , i979), Cox el al. 
(1979) proposed a toss pressure phase diagram based upon the silica-poor part of 
normative basalt system Ql-Cpx-PI-Q. The diagram is based on rhe CIPW 
normative composition of ,i iholeiilic (i.c. hypersthene normative) basalt which is 
projected from Si0 2 onto the Fo-Ab-Di plane, i.c, the plane of silica saturation, of 
the Yoder-Tilley (1962) tetrahedron (Figure 3,29). The phase diagram is useful for 
estimating the pluses presenr in the initial stages of low-pressure crystallisation of a 
given tholeiitc. In constructing the diagram, the Fo-Ab-DM^ tetrahedron 







Using major element data 


::i 



Ftgutt 3. 29 The low-prcwurv thokiiuc basalt phase diagram after Cox ft at (1979) The inset shows, that 
the projection is from normative quart/ onto the critical plane of silica unilersaturation 
mod fied to olivine pbpioclasc—clinopyroxciie in the Yodcr-Tillcy basalt tetrahedron. 

becomes the OI Pl Cp.v (\ tetrahedron The hypersthene content m rlu norm is 
recalculated as art equivalent amount of olivine and quart/, and the plotting 
parameters are then calculated from the norm as follows: 

plagioclasc — normative anorthitc + albitc 
clinopyroxcnc — normative diopside 

olivine - normative olivine + that recalculated from hypersthene 
quartz - normative quartz + that recalculated from hypersthene 

The four parameters are calculated as percentages of the total, At this point 
inappropriate analyses should be screened out. This is when 

normative plagioclasc is < An^ 

ratio (FeO + Fc 2 0,)/(MgO + FcO+ FcjOj) > 0.7 % 

KjO > 1.0% 

% qua me (as calculated above) >10% 

If the rock is appropriate the plotting parameters plagioclase, olivine and 
clinopyroxcne .ire recalculated to 100% and plotted onto the triangular phase 
diagram. 
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(J; Problems uith Cl PH normative projections A word of caution is necessary when 
using CJPW normative projections; Presnail et at. {1979) noted that small 
uncertainties in the chemical analysis may translate into large shifts in the projected 
normative composition. This is particularly acute for uncertainties in l\a,t > and 
Si0 2 , where the direction of shift is parallel to an identified fractional crystallization 
trend, This is also true for the algorithm of lilthun (1983). Thus Presnail et <il. 
(1979) make the point that some identified fractional crystallization trends observed 
in ocean-floor tholciitic glasses could be an artefact resulting from analytical 
uncertainty. Prcsiult and Hoover (198i) elaborate on this and show that the 
variation in normative quartz in < IPW normative projections of basaltic glass 
compositions may be due to analytical uncertainty, although this feature is nor 
apparent in the projection scheme of Elthon (1983), 


3.4.4 


The olrviae 
clinopyroxtiut- 
sltca projection 
•f Grove et al. 

(mi) 


r ke projections 
o f Baker and 
Efgler (1983, 

1987) 


Experimental systems for cafe-alkaline rocks 

Phase relations and ruck compositions of andesitic and related magmas of the 
calc-alkaline suite can also be represented bv the diopsidc-olivinc-albite quartz 
tetrahedron the silica saturated part of the Yoder-Tillcy (1962) basalt 
tetrahedron. 

Cirovc et » i! (1982, 1983) developed a projection scheme to present low-pressure 
experiments] data for andesites in which die phases plagioclase, olivine, augitc, 
pigeonitc and orthopyroxene are present. The diagram is useful for calc-alkali series 
rocks bat may not be applicable for low-aJkali-silica-rich suites, The projection 
scheme Is similar to that of Walker et at. (1979) for tholciitic basalts It is based 
upon a modification of the CMAS projection in which wr% oxide values are 
converted to molecular proportions, alkalis and alumina are converted to NaO^jj, 
KOj 0i) and AI 0 ||. 5 j, and the mineral components arc calculated as molecular 
proportions as follows; 

sum = SiOj - CaO — 2(KO|„ ^ +• 5 | + 0*20, + TiCT) 

Q i -ii ) ti iil cO + MgO) - I.SCaO - 0.25 AIO,, „ -2.75 
(N r aO [0 + KO|,,j| + Cr 2 Oj + 0.5TiO»)/sum 
PI = 0.5(AIQj,jj + NaOjujj + KO, 0JJ )/sum 
01 - 0.5(FeO + MgO) + 0.5(AIO {| „ - KO,^, - NaO (l „, 

- CaO - 2TiO, - Cr 2 Oj[)/sum 
Cpx = CaO - 0.5AIO ( , ,,j +■ 0,5(KO (tt ?; + NaO )(| ,|)/sum 
Or = KO|p 5 |/flin 
Sp = (CrjOj + TiOj)/sum 

The values arc normalized and projected from plagioclase onto the plane 
ipurt/.-oliv i nc-d i nopy roxenc. 

Bakcr and I gglet (1983) use a mudificatiorr of the projection procedure of Walker et 
at. (1979) in which the projection is made either from magnetite + plagtoda.se onto 
olivine diopsiide-(quanz + orthoctasc) or from magnetite + olivine onto 
diopside-plagioclase (quart/ - orlhoclasc) (Figure 3.30). Quartz and orthoclasc are 
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continued in these diagrams in improve uptm the projection schemes ol Walker ei 
at (1979) and Grove et at (1983), which both wrongly imply ihal the residual melts 
arc saturated with orihoclacc. I he procedure is as follows: 

TTW ferric iron content of the rocL is calculated from Sack et at (I9S0) for T 
1150''t and /Dj dclmi’d by the Ni \iO buffer. I ndeT ihc >|ciilic condition? 
given here, using the temperature oxygen fugaeiiv relationship riven In Kugxter 
and Uonce (l%2) for the Ni NiO hulTcr, the expression reduces to 

In iXpV*™) 3 2 ‘ >286 “ 2 l5W6 ' V '-o - 8.35 IW.V M(0i - ■I 495I A\^ > - 

5.4364A\ 1(0 ♦ 0.0731 Y t *, + 3,54I5Y^ U - 4,I8WAJ^ 

(where \ S(U . etc ihc mole fraction of StO., and so on). An alternative version 
ni this equation is given by hiline et at (198,1). Oxide wl ">• values are converted to 
niular proportions; 

magnetite = Pepj 

pLgirxIasc - MjOj ♦ Na.O + K.O 

diopside = ClO ♦ AljOj ♦ NijO + K.O 

olivine = (FcO ♦ Fc,O k + MgO ♦ MnO ♦ AljO, - CiO - Ni/) - K,0)/2 
quart/ + orthoclasc = SiO, - 2 K.O - (Al,() v * FcO - Fc.O, t MnO ♦ MgO 

♦ 3CUO ♦ 11 Na.O ♦ )K,0)/2 

Baler and Ktiflcr (1983) note that this projection it very sensitive to small 
differences in \a ; () concentrations, 


3.4.5 Discussion 

I "he results of experimental pclrolugv play a major r«k in our understanding of the 
on gut of igneous rocks Nevertheless, on their own they can rarely give definitive 


l>. 



ffjp/r J.J0 Projection* from normalise magnetite ♦ ofivine onto dwpwdr pbgioclasc (quarry ♦ 
onhneljM) (uippled surface on tnsei diagram) and from normative mugTKUic and pligwvlavo 
onto olivine diopvide (quart/ ♦ ortfoxiavc) (hatched surface m inset diagram) alter Baler 
and K^lrr l l*Mf). t he l atm liquidu.% bound,m curve is also shown. 





Chemical plots an phase diagrams 


101 


answers. Rather they point I he way to less probable and more probable options. 
Thus the diagrams presented in this section hu'vc their place in elucidating the 
origin of igneous rocks hut their interpretation is subject to a large number of 
uncertainties. This means that the results of experimental studies should always be 
taken together with the constraints of other geochemical investigations. 


Chapter 4 


Using trace element data 


4.1 Introduction 


A twee element may he defined .is .in dvmnii which is present in a rock in 
concentrations oftess than <i. I • i ' • . that is less ih.ni WOO parts per million (ppmi. 
Sometimes trace dement* will form mineral specks in their own right but must 
commonly they substitute for major elements in the nock-forming minerals. 

Trace element studies have become a vital part of modem petrology and are 
more capable of discriminating between petrological processes than arc the major 
element*. Particularly important is the fact that there are mathematical models to 
describe trace element distributions which allow the quantitative testing of 
petrological hypotheses These arc most applicable to processes controlled by 
crystal melt or crystal-fluid equilibria. 

In this chapter we first develop some of the theory behind the distribution of 
trace elements and explain the physical laws used in trace element modelling. ITicn 
various methods of displacing trace element data arc examined as a prelude to 
showing how trace dements might be used in identifying geological processes and 
in resting hypotheses. 


a 1 * Classification of trace elements according to their geochemical 
behaviour 

Trace elements arc often studied in groups, and deviations from group behaviour or 
systematic changes in behaviour within the group arc used as an indicator of 
petrological processes. The association of like trace elements also helps to simplify 
what can otherwise be a very unwiddv data-set. Trace elements are normally 
classified either on the basis of their position in the periodic table or according to 
their behaviour in magmatic systems. 


Irate eterun: 
groupings hi the 
perioJu table 


Several groups of dements in the periodic table arc of particular geochemical 
intcmt (Figure 4.1). The most obvious in this respect arc the dements with atomic 
number* >7 to 71. the Lanthanides or rture etuih elements (REE) as they arc 
usually called in geochemistry. Other groups are the platinum group elements 
(PGE) (atomic numbers 44 to 46 and 76 to 79) also known as the noble metals if 
they include Au, and the transition metals (atomic numbers 21 to 30). In 
geochemistry, this latter term is usually restricted tu the first transition senes and 
indudes two major elements. Pc and Mn. 
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Figure 4.! The periodic table of the elements, showing three main groups of trace elements, which are 
often treated together in geochemistry because of their relative positions in the table. These 
are the elements of the first transition series, the piaonum group elements and the rare earth 
elements. The elements which are shaded are also important trace elements in geochemistry. 

The elements in each of these respective groups have similar chemical properties 
and for this reason are expected to show similar geochemical behaviour. This is not 
always the case, however, because geological processes can take advantage of subtle 
chemical differences and fractionate elements of a group one from the other. Thus 
one of the tasks of trace element geochemistry is to discover which geological 
processes may have this effect and to quantify the extent of a particular process. 


Trace element When the Earth’s mantle is melted, trace elements display a preference either for 

behaviour in the melt phase or the solid (mineral) phase. Trace elements whose preference is the 

magmatic systems mineral phase are described as compatible, whereas elements whose preference is 
the melt are described as incompatible — i.e. they are incompatible in the mineral 
structure and will leave at the first available opportunity. Incompatible elements 
have also been called hygromagmatophile, a term first introduced by Treuil and 
Varei (1973). 

In detail there are degrees of compadbilty and incompatibility and trace elements 
will vary in their behaviour in melts of a different composition. For example, P is 
incompatible in a mantle mineralogy and during partial melting will be quickly 
concentrated in the melt. In granites, however, even though P is present as a trace 
element, it is compatible because it is accommodated in the structure of the minor 
phase apatite. 

It is sometimes helpful to subdivide the incompatible elements on the basis of 
their charge/size ratio. This property is often described as field strength and may 
be thought of as the electrostatic charge per unit surface area of the cation. It is also 
described as the ionic potential of an element and is quantified as the ratio of the 
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valence to the ionic radium. Figure 4.2 shims j plot of ionic radius vs charge fur 
most of the trace elements studied in gvochcmbm. Small highly charged cations 
arc known' as, h'lch field strength (HTFS) cations (ionic potential > 2.0) and large 
cations of small charge are known as low held strength cations ionic p ‘cntial < 
2.0). Low field strength cations arc also known as large ion lithophile elements 
(LILE), Elements with small ionic radius and a relatively low charge tend ti In¬ 
compatible. These include a number of the maior elements and the transition 
metals. Figure 4.2 shows the main groupings of trace elements anti highlights the 
similarity in ionic size and charge between some element gruups. Elements with the 
same ionic charge and si/e are expected to show very similar geochemical 
behaviour. 

I ligh field strength cations include the lanthanides Sc and V, and Th, U. Pb, Zr. 
Hf, Ti, Nb and Ta. The element pairs Hf and Zr. and Nh .mJ Tj. arc vviy similar 
in size and charge and show very similar geochemical behaviour Low field strength, 
large ton lithophile cations include Cs, Rb, K and 11a. To these may be added Sr, 
divalent Eu and divalent Pb — three elements with almost identical ionic radii and 
charge. 


4,2 Controls on trace element distribution 


Most modem quantitative trace element geochemistry assumes that trace dements 
are present in a mineral in solid solution through substitution and that their 
concentrations can be described in terms of equilibrium thermodynamics. Trace 
elements may mix in either an ideal or a non-ideal way in their host mineral. Their 
very low concentrations, however, lead to relatively simple relationships between 
composition and activity When mixing is ideal the relationship between activity 
and composition is given by Kuoult's Jaiw, i,c. 

a, = X, [4.11 

where a t is the activity of the trace dement in the host mineral and A, is its 
composition. 

If the trace element interacts with the major components of the host mineral, the 
activity will depart from, the ideal mixing relationship and at low concentrations the 
activity composition relations obey Henry's Law. This states that at equilibrium 
the activity of a trace element is directly proportional to its compos 

< = W |4.2] 

where F is the Henry's Law constant a proportionality i-.instant ■ r activity 
coefficient 1 for trace element i in mineral j Hcr.i y A Law- scents 9 apply to a wide 
range of trace element concentrations (Drake and Holloway, 1981) although at very 
low concentrations (< lOppmi there are deviations from Henry's La* behaviour 
iHarmon and Wood. E'mo Henry’s Law ako c eases to apply at very high 
©inceorranon*. although the point at which this takes place cannot be easily 
predicted and mutt be determined for cacti individual system In the case where 
trace dement f>rm the essential structural constituent of a minor phase, such as Zr 
in zircon. Henry 's Law behaviour does not strictly apply. 
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The relatively simple mixing relationships between trace elements and major 
elements in their host minerals mean that the distribution of trace elements between 
minerals and melt can be quantified in a simple way, as outlined below. 
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4.2.1 Partition coefficients 

The distribution of trace elements between phases mav be described by a 
distribution coefficient or partition coefficient (Me I mire. 1%5). The Nemst 
distribution coefficient is used extensively in trace element geochemistry and 
describes the equilibrium distribution of a trace element between a mineral and a 
melt. The Nemst distribution coefficient is defined by: 

M 1 - 1.31 

where Kd is the Nemst distribution coefficient, ami C is the concentration of the 
trace element i in ppm or wt \n example would be 500 ppm Sr in a plaginclase 
.ihcii'i.ivsc and 125 ppm Sr in the glassy matrix of the lava giving a plagiocUsc/ 
silicate melt Kd of 4 for Sr. The Nemst distribution coefficient as defined above 
includes the Henry’s Law constants for trace element ; in the mineral and in the 
melt and is a function of temperature, pressure and composition of the melt, hut is 
• t.iirtoliii i: i ".'Iut by the concentration of the trace dement of interest > | K 

concentration of other trace elements. Similar partition coefficients mu be written 
for mineral-fluid or mineral-mineral distributions- A mincral/mclt partition 
coefficient of 1.0 indicates that the element is equally distributed between the 
mineral and the melt A value of greater than 1.0 implies that the trace element has 
a ‘preference’ for the mineral phase and in the mineral-melt system under 
investigation is a compatible element. value of less than 1.0 implies that the rr.ne 
element has a ‘preference’ for the melt and is an incompatible element. 

An alternative mode of formulation of the partition coefficient (although not 
commonly used) is the lw r o-componcnt partition coefficient. This may be used 
when the trace element is replacing an identified major element in the host mineral 
A good rv.anple would be \ii substitution for Mg in olivine. In this i w 
partition coefficient (A D ) is defined by the expression 

Ad {i/j) = [X/Xjf^nX/X/^ [4.4] 

where t is the trace dement and j is the dement in the host mineral which is 
replaced by », and X is concentration either in wt % or mol %. 

Two element partition coclficicnts have the advantage that they do not vary as 
extensively as single-element partition coefficients w ith changes in melt composition, 
A bulk partition coefficient is a partition coefficient calculated fur a rock for a 
specific dement from the Nemst partition coefficients of the constituent minerals 
and weighted according to their proportions It is defined by the evj’re---' n 

/>, = X|A'j/| + x 2 A r di + ... [4.5] 

where D t is the bulk partition coefficient for element », and x, and AV, etc. an the 
percentage pr o p o rt i on of mineral l in rhe rock and the Nemst partition coefficient 
for element t in mineral I respectively. 

In a rock containing 50 % olivine, 50 % urthopyroxenc and 20 clinopyrovcnc, 
the bulk partition coefficient (f>) for the trace dement i would be 

D, = 0.5 Ki* + 0.5 Kd*' + 0.2 Kd*" 

Partition coefficients can be dctcrauncd in natural systems from the analysis of 
minerals and rheir glassy matrix in rapidly cooled volcanic rocks. Provided sufficient 
care is given to obtaining a dean mineral separate from unzoned minerals and a 
sufficiently sensitive analytical technique is used, mincral/matrix or phcnocryst/ 


Measuring 

{wrtHtt>n 

coefficients 


Controls on trace element distribution 


107 


matrix partition coefficients can be very reliable and are frequently used. Many of 
the early mineral/melt partition coefficient measurements are of this type (e.g. 
Philpotts and Schnetzler, 1970). 

An alternative to using natural systems is to use experimental data in which 
synthetic or natural starting materials are doped with the element of interest. This 
approach has the advantage that variations in temperature and pressure can be more 
carefully monitored than in natural systems. However, it is important to attempt to 
establish Henry’s Law behaviour when determining trace element partition 
coefficients, for this then allows the result to be extrapolated to other compositions 
and use to be made of the result in petrogenetic modelling (see e.g. Dunn, 1987). 
Irving (1978) gives an excellent review of experimental determinations of partition 
coefficients up until 1978. 


Physical controls 
on the value of 
partition 
coefficients in 
mineral / melt 
systems 


Many geochemistry texts contain compilations of mineral/melt partition coefficients 
for use in trace element modelling. However, great care must be taken in applying 
these data, for experimental studies have shown that the Nemst partition coefficient 
can vary extensively according to the temperature, pressure, composition and 
oxygen activity of the melt. Disentangling these separate effects in experimental 
studies and then taking full account of them in petrogenetic modelling can be a 
serious problem. In an elegant study based on a very large number of experiments. 
Green and Pearson (1986) showed how the partition coefficients for the REE in 
sphene vary according to temperature, pressure and rock composition (Figure 4.3). 
Their work illustrates how meaningless a single mean value for a partition 
coefficient can be, even when the melt composition has been specified. However, we 
are not always in the fortunate position of having as much information available as 
this and it is often necessary to ‘make do’ with the available data. Below we discuss 
the extent to which different variables may affect partition coefficients. 


(a) Composition Without doubt, melt composition is the most important single 
factor controlling mineral/melt partition coefficients. This was demonstrated in 
studies by Watson (1976) and Ryerson and Hess (1978), who showed that elements 
partitioned between immiscible acid and basic melts show distinct preferences for 
one or other type of melt. It is for this reason that the partition coefficients listed in 
Tables 4.1 to 4.3 are grouped according to rock type and the silica content of the 
melt. The composition control of mineral/melt partition coefficients between the 
REE and hornblende is illustrated in Figure 4.4. 

(h) Temperature A number of experimental studies show that partition coefficients 
are a function of temperature (Figure 4.3). For example, Dunn (1987) found that 
the partition coefficients for Lu between olivine and basalt, and Lu and Hf between 
clinopyroxene and basalt, all decrease with increasing temperature. 

Sometimes unravelling the separate effects of temperature and composition can 
be difficult, especially where the liquidus temperature of a melt is a function of 
composition. Such is the problem with NL partitioning between olivine and a 
basaltic melt. Two experimental studies, published at the same time, seem to show 
conflicting results. Leeman and Lindstrom (1978) showed that the prime control on 
the olivine partition coefficient for Ni in a natural basaltic melt was temperature 
whilst Hart and Davis (1978) showed that there is clear inverse correlation between 
the melt composition and partition coefficient. To resolve the apparent conflict 
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Table 4.2 Mineral/melt partition coefficients for andesitic liquids 



Olivine 

Orthopyroxene 

CJinopyroxenc 

Hornblende 

Plagjoclasc 

Garnet 

Magneri te 

Sphene 

(Ref.) 




(8) 


(7) 

(8) 

(3.8) 


(S) 

(8) 

(7) 

(7) 

(7) 

(4) 

Rb 




0.022 


0.020 

0.013 

0.040 



0.053 

0.070 

0.010 

0.010 


Sr 




0,032 


0.080 

0.033 

0.2-0.4 


2.82 

1.600 

1.800 


0.010 

0.060 

Ba 




0.013 


0.020 

0.040 

0.100 


0.503 

0.155 

0.160 


o.oio 


K 




0.014 


0.020 

0.011 

0.33 



0.117 

0.110 

0.010 

0.010 


(Ref) 

(6.7) 

(6) 

(7) 


(6) 

(7) 


(6.7) 

(6) 

(5) 


(7) 

(2,6) 

(6,7) 

(4) 

Y 

0.010 

XJ.450 



1.500 



2.500 

0.060 

0.013 



11.00 

0.500 


Ti 

0.03 

0.250 



0.400 



3.00 

0.050 




0.500 

9.000 


Zr 

0.010 

0,046 

0.100 


0.162 

0,270 


1.400 

0.013 



0.010 

0.500 

0.200 


Hf 


0.051 

0.100 


0.173 

0.250 



0.015 




0.570 



Nb 

0.010 

0.350 



0,300 



1.300 

0.025 





1.000 

6.100 

Ta 















17,000 

Th 

0.010 


0.050 



0.010 


0.1S0 




0.010 


0.100 


(Ref.) 


0) 

(?) 

(8) 

0) 

(?) 

(8) 

(3) 

0) 

(S) 

(8) 

(?) 

(2) 

(?) 

(4) 

La 


0.031 



0.047 



0.500 

0.302 

0.228 



0.076 


2.00 

Cc 


0.028 

0.050 

0.030 

0.084 

0.250 

0.508 


0.221 

0.136 

0,186 

0.200 


0.200 


Pr 
















Nd 


0.028 


0.047 

0.183 


0.645 


0.149 

0.115 

0.143 





Sm 


0.028 

0.100 

0.082 

0.377' 

0.750 

0.954 

1.2-3.0 

0.102 

0.077 

0.117 

o.no 

1.250 

0.300 

10.000 

Eu 


0.028 

0.120 

0.069 


0.800 

0.681 


1.214 

0.079 

0.376 

0.310 

1.S20 

0.250 


Gd 


0.039 


0.132 

0.583 


1.350 


0.067 

0.056 

0.050 


5.200 



Tb 













7.100 



Dy 


0.076 


0.212 

0.774 


L460 


0.050 

0.045 

0.126 





Ho 








1.5-3.0 





23.800 


10.000 

Er 


0.153 


0.314 

0.708 


1.330 


0.045 

0.040 

0.034 





Tm 
















Yb 


0.254 

0.460 

0.438 

0.633 

0.900 ■ 

1.300 

1.2-2.1 

0.041 


0.029 

0.050 

53.000 

0.250 


Lu 


0.323 


0.646 

0.665 




0.039 

0.046 

0.031 


57,000 


6,000 

(Ref.) 

(?) 


(7) 



(7) 


(?) 




(7) 

(2,7) 

(7) 


Ni 

58.000 


8.000 



6.000 


10.000 




0.0)0 

0.600 

10.000 


Co 



6.000 



3.000 


13.000 




0.010 

1.800 

8.00 


V 

0.080 


1.100 



1.100 


32.000 




0.010 

8.000 

30.000 


Cr 

34.000 


13,000 



30.000 


30.000 




0.010 

22.000 

32.000 


Sc 

0.300 


3.000 



3.000 


10.000 




0.010 

3.900 

2.000 



(1) Fujikami er at. (1984): sample No. 8. 

(2) Irving and Frey (1978): andesite, SiO^ 60.79 wt % 

(3) Green and Pearson (1985a): interpolated from Figure 3. 

(4) REE: Green and Pearson (1983): at 7.5 kb; values increase with pressure. Nb,Ta: Green et ai (1989). 

(5) Drake and Weill (1975): Eu value for 

(6) Pearce and Norry (1979): intermediate compositions, 

(7) Compilation of Gill (1981): Zr in Cpx: Watson and Rycrson (1986), 

(8) PhUports and Schnetzkr (1970): and Schnctzlcr and Philpotts (1970). 
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Mag¬ 

netic 

(2) 

llmcnilc 

<■■»> (3) 

Quartz 

(3) 

Plagiodasc 

0) (2) 

(3) 

K-feldspar 

(2) (3) 

(4) 

Apatite 

(2) 

(6) 

Zircon 

(4) 

(6) 

Sphene 

(8) 

Allanilc 

(4) (9) 

(Ref.) 




0.041 

0.048 

0.041 

0.105 

0.340 

1.750 

0.487 








Rb 





2.840 

4,400 

15.633 

3.870 

5.400 

3.760 








Sr 




0.022 

0.360 

0.308 

1.515 

6.120 

) 1.450 

4.300 








Ba 




0.013 

0.263 

0.100 












K 




0.029 



0.105 


0.195 

0.032 



3.15 





Cs 







0.972 


2.473 









Pb 

2.000 





0.100 

0.130 




40 







Y 

12.500 



0.038 


0.050 





0.1 







Ti 

0.800 





0.100 

0.135 


0.030 


0.1 

0.64 






Zr 


1.883 

3.100 

0.030 



0.148 


0.033 

0.017 


0.73 

3193.5 977.50 


18.9 


Hr 

2.500 





0.060 





0.1 




6.3 



Nb 


3.167 

106.000 

0.008 



0.035 


0.010 

0.019 



47.50 


16.5 

3.1 


Ta 


0.462 

7.500 

0.009 



0.048 


0.023 

0.018 



76.80 



484.0 

168.0 

Th 


0.5)7 

3.200 

0.025 



0.093 


0.048 

0.021 



340.50 



15.5 

<6.7 

U 

' 

1.222 

7.100 

0.015 



0.380 


0.080 

0.072 


14.50 

16.90 

4.18 

40 

2594.5 

820.0 

La 


1.640 

7.800 

0.014 

0.240 

0.270 

0.267 

0.044 

0.037 

0.046 

34.7 

21.10 

16.75 

4.31 


2278.5 

6350 

Ce 


















Pr 


2.267 

7.600 

0.016 

0.170 

0.210 

0.203 

0.025 

0.035 

0.038 

57.1 

32.80 

13.30 

4.29 


16200 

463.0 

Nd 


2.833 

6.900 

0.014 

0.130 

0.013 

0465 

0.018 

0.025 

0.025 

62.8 

46.00 

14.40 

4.94 

21.0 

866.5 

205.0 

Sm 


1.013 

2.500 

0.056 

2.110 

2.150 

5.417 

1.130 

4.450 

2.600 

30.4 

25.50 

16.00 

3.31 


lll.O 

81.0 

Eu 





0.900 

0.097 

0.125 

0.011 



56.3 

43.90 

12.00 

6.59 



130.0 

Gd 


3.267 

6.500 

0.0)7 





0.025 

0.033 



37.00 



2730 

71.0 

Tb 


2.633 

4.900 

0.0)5 

0.086 

0.064 

0.112 

0.006 

0.055 

0.052 

50.7 

34.80 

101.50 

47.40 


136.5 


Dy 















19.0 



Ho 





0.084 

0.055 


0.006 



37.2 

22.70 

135.00 

99.80 




Er 


















Tm 


1.467 

4.100 

0.017 

0.077 

0.049 

0.090 

0.012 

0.030 

0.015 

23.9 

15.40 

527.00 

191.0 


30.S 

8.9 

Yb 


1.203 

3.600 

0.014 

0.062 

0.046 

0.092 

0.006 

0.033 

0.031 

20.2 

13.80 

641.50 

264.5 

10.0 

33.0 

7.7 

Lu 


















Ni 










0.240 



16.00 



42.5 


Co 


















V 


100.00 

3.000 










189.50 



3800 


Cr 


10.633 

5.900 

0.0)2 



0.053 


0.023 

0.040 



68,65 



55.9 


Sc 


52.000 

115.000 

0.030 



0.365 



0.022 



1.52 



18.1 


Mn 


Leeman and Lindstrom (1978) formulated a complex partition coefficient that 
included the composition effect. They showed that Ni partitioning between olivine 
and basalt is temperature-dependent and concluded that, in this case, composition 
is less important than temperature in determining the partition coefficient. 

(c) Pressure One of the most convincing demonstrations of the effect of pressure 
on Dartition coefficients is the work of Green and Pearson (1983. 1986) on the 
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figure 4.J The combined effects of pressure, tcmpcnuiM and rod composition on a partition 
eweflicienr (a) and (b) The partition coefficient fur ihr RK1 ; Hu in citaapyfoxene at a 
function of temperature, fur pressures of 2-5. 7.5, 12, 16 and 20 kb in liquids with 50 wt % 
SiOj and 60 wt % SiOj (after Green and Pearvun, 1985b). (c) and (d) The parti 11 ■ ui 
c ufet lor Srn in sphenc as a function of temperature for liquids with 50, 60 and 70 v, i *•. 
SiQ^ at 7.5 kb and 20 kb pressure (after Green and Pearson, 1986) Both these diagrams m») 
be used to interpolate a value fur t ie partition coefficient for any pressure, temperature and 
composition within the experimental range These values mi\ then be cxliapoLatcd to other 
members of the REF. senes, 


partitioning of REE between sphere and an intermediate silicic liquid, Within j 
small compositional range (56-61 wt % SiOj) at 1000' J C Green and Pearson showed 
that then is ,i measurable increase in partition coefficient with increasing pRMTt 
from 7.5 to .10 kb (Figure 4.5). One important aspect of this pressure etfin is that 
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Figure -f.-f V plot of the partition coefficients for ihc rare earth clement* between hornblende and melt 
(log scale) vs am;,;i. mi t licr (normal wak) i : s.n:. iusaliic andesite, ducitc anil rhyolite. 
There is a clear increase in partition coefficient with increasing ssfica content of the melt, 
amountit • n order of magnitude difference between basaltic and rhyolitic melts. Data 
from Tables 4.1 to 4.3. 


high-level phcnocryst/matrix pair partition coefficients may not be suitable for 
geochemical modelling of deep crustal and mantle processes, However, the effect of 
increased pressure and increased temperature arc generally in an opposite sense and 
may to some extent cancel each other out. 


(d) Oxygen activity The most widely quotes! example of the control of oxygen 
activity on a partition coefficient is that of the partitioning of Fu*~ between 
plagioclase and a basaltic melt (Drake and Weill, 1975), I 1..1 is an order 1 
magnitude difference in tile partition coefficient for Eu between atrwtsphcric 
conditions and the relatively reducing conditions found in natural basalts (Figure 
•4,6). This is because europium forms Eu’" at low oxygen activities and Eu 1 * at 
high oxygen activities. Eu*' and Eu ' 1 behave very differently in rheir partitioning 
between plagiodase and a basaltic melt, for Eu’* is much more compatible than 
Eu l+ in plagioclasc. Thus at low oxygen activities partition coefficients for Eu 
between plagioclasc and basaltic melts arc high (generally > 1.0) and anomalous 
relative to the other REF. (Figure 4.6), whereas at high oxygen activities partition 
coefficients lor Eu are low and Eu behaves in a similar way to the other REE. 

(e) Crystal chemistry Onuma et a! (1968), Matsui el ui (1977) and Philputts 
(1978) have shown that crystal structure exerts .1 major influence on trace element 
partitioning. Using a plot of partition coefficient (expressed as log to the base 10, 
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Ftvure 4.S The partition coetfieems fine selected Kf.K between sphere .imt .1 silicic melt of inwmtcdiaic- 
c 001 position, plotted as j function of pressure. There is an increase in partition eneftident 
with increasing pressure in. the range 7.5 to 50 kb (after Green and PclWffl. 1985.' 



Ftfure 4M The partition coefficient for l u between plagiodase and a haultie melt plortcd as function of 
oxvgen activity compared with other REE lafter Drake and Weill, 1075) 

i.c, log| tl ) vs ionic radius, (in Angstroms; I \ = 10 -10 m), they showed that thc 
partitiem coefficients of elements carrying the same ionic charge in the same 
mineral/meh system exhibit a smooth curve (Figure 4,7). Gum's for different i o n i c 
charge ferul to be parallel to each other for the same mineral/melt system, Such 








Controls on trace ofemont distribution 


115 



Figure -f.7 A plot o( partition coefficient vs tonic radius (from Shannon, 1976) on .in Onuma diagram. 

for the REE between garnet ajul dacite (data from Arth, 1976). The tnvalent REE and V 
(with the exception of Eel define a smooth curve. 

diagrams have become known as Onuma diagrams. ] Xviations fmm anticipated 
patterns may reveal controls on trace element partitioning othc; Mi.i, those "I the 
size and charge of the cation. Onuma diagrams can also be used to estimate the size 
of a distribution coefficient when measurements have been made for a similar 
element. 

(f) Water content of the melt Few studies have been earned out to examine explicitly 
the effects of the water content of a melt on trace element partitioning behaviour. 
However, Green anti Pearson (198b) showed that in the case of the partitioning of 
tin: fill', bn-.seer, spheric and silicate liquids tin. water amtent of the n dr O' '• l'> 
mol*Si water) has no significant effect on measured partition coefficients. 

(g) SeleeiiHg a (tarttnan coefficient Clearly, the most important parameter 
controlling the partitioning of a trace element between a mineral in f < Hr -lie 
composition of the melt itself. Once this is established, a partition coefficient should 
be used whose pressure and temperature conditions of determination most closely 
match those of the system being investigated. 
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Atomic number 


Figure 4.S A plot of partition coefficient vs atomic number for the REE in common minerals in basaltic 
melts Data frnm Table 4 I. (The hrntihlmde data arc for a basaltic andesite.) 


Partition In Table 4.1 partition coefficients are listed lor trace elements in mineral* in 
coefficients in equilibrium with basaltic and basaltic andesite liquids Fallowing the TAS 

frautlti ami classification these are liquids with silica contents in the range 45—57 wt "n . \ 
basaltic andesites summary of the REE partition coefficients is presented in Figure 4.8 as a plot of 
partition coefficient vs atomic number. The compilation in Table 41 is based upon 
a variety' of published sources from experimental and phenocrv si/matrix data. 
Averages arc arithmetic means. 

The several sets of REE data shown are* generally in good agreement w ith each 
other. There is however a strong compositional effect on the Kd for the REE in 
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Partition 
(ocjjiatnn 
in andesites 


Partition 
coefficients in 
Jactus and 
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hornblende (Green and Pearson, 1985a) and sti the differences in published values 
for hasalts (Arth, 1976) and Im f mdesiies (Dustal el ai , 1983; Fujimaki ft ai , 
1984) may reflect a real difference in ■ he partition cocficiems. There may be a 
similar explanation for the differences in partition coefficient in garnet. 

Colson ti ai (1988) in a detailed study of trace element partitioning between 
oh m and silicic melt, and orthopyruxene and silicic melt, have shown that main 
partition coefficients arc strongly dependent upon temperature and melt 
composition. They show that these partition coefficients vary according to ionic size 
and the) have muddled temperature and composition dependence as a function of 
rli. ■ rubles On the basts, of their equations it is possible to predict partition 
coefficients between olivine and melt, and nrthopyroxene and melt, for a wide range 
of rri- and di-valcm cations un< In .i \.i iVn of magmatic conditions 

Table 4.2 lists partition coefficients for trace elements between a range of rock- 
forming minerals and andesitic liquids (57-63 wt "b SiO* in the TAS classification). 
A summary of the REK values is given in Figure 4.9. Man) published sources of 
partition coefficients treat andesites and basalts together and a comparison of 
Figm I I and 4.2 shows that the partition coefficients for the REE are similar 
in basaltic and andesitic liquids. \ alucs for garnet, the pyroxenes and the value 
for F.u in plagpodvt, however, arc higher in andesites than in basalts. REE 
partition coefficients for hornblende arc higher in andesites th.ii; ■ .Its. but arc 
comparable between andesites and hasalrie andesites. Values for the REE in the 
py roxenes vary between published sources; this may in part be due to compositional 
effects. 

The compilation in Table 4.3 compares partition coefficients from a number of 
published sources for ebeiles, rhvodacites, rhyolites and high-silica rhyolites These 
VI oiks will. !■ • ' i wi "i. SiOj in the TAS classification. V sum ...i of hi 

REE values is presented in Figure 4.10- 

\ comparison between the REE in rhyolites and in basaltic and andesitic liquids 
(Figures +.8 to 4 10) shows that values for pyroxenes and hornblende are an order 
of magnitude higher in the rhyolites and that these minerals now show a small but 
measurable negative europium anomaly. The values for the light REE in garnet are 
also higher and the Eu anomaly in plagioclase is much increased. 

Partition coefficients for the REK in any one of the fcrromagncsi.in minerals .ire 
variable. This may in part be a function of changing melt composition although 
there are a number of other possible explanations. Firstly, the presence of mineral 
inclusions gives rise to very high partition coefficients in rhyolites with very high 
silica contents (SiO, > 75 %), This may also account for some of the differences in 
the sets of values for biorite. Secondly, it is possible that the changing iron/ 
magnesium ratio of ferromagnesian minerals may also explain differences in 
partition coefficients, although rhcrc arc currently insufficient data with which to 
evaluate this possibility, in the ease of pyroxenes the light REF values of Mahood 
and Hildreth (1983) are probably in error and the alternative values of Michael 
(1988) are used here. Values; for the feldspars are in reasonable agreement between 
the different published results although the LIE elements Sr, Ba, Rb, Eu and Pb~" 
show very erratic results in the original data sets and this is still apparent in the 
mean values in this compilation. This may in part be a temperature effect (Irving, 
1978; Ijjng, 1978) but may also be compositionally controlled, for Lung (1978) 
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Figure 4.9 A pt«t uf partition coefficient vs atomic number for tlic RKK in cnmnutn minerals in 
andesitic melts. Data from Table 4.2, 

noted that the partitioning of Sr between alkali feldspar and a granitic melt is 
sensitive to the concentration of Bu in the melt Partition coefficients for Eu in 
plagiodase increase with decreasing oxygen activity (Figure 4,6). 
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> ii) A plot of partition coefficient vs atomic numhcr for the REE in common minerals m rhwdiiiv 
melts. I>ara from Table 4..V 


4.2.2 Geological controls on the distribution of trace elements 

t. Jc.irlv i.hcmical studs of trace elements is only of use if we have some 

understanding of the was in which geological processes control their distribution. 
At present our knowledge is patchy, for some processes are well understood and 
there are mathematical models available to describe them. In these areas, principally 
those involving mineral/mclt equilibria, trace dement geochemistry has had a 
profound impact on geological thinking. Other areas, equally important hut less 
amenable to the quantitative approach, arc understood qualitatively In this section 
we review a wide range of geological processes and discuss rhe way they control 
trace element distributions Where there arc appropriate mathematical models the 
equations are given and I he terms used are defined in Bio 4.1. 
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Hitmcnt mobility 


Definition of term* used in equations lor trace clama n t partitioning between solid 
and molt {Section 4 22) 

Cy Weight concentration of • trace element in the liquid 
Cx Average weight concentration of a trace element <n a mixed me t 
Co In partial melting, the weight concentration of a trace element In the orfg ml 
unmclwd aohd. «n fractional cry**® 1 *.ration. the weight concentration m tho 
parental liquid 

C„ Weight concentration of a trace clement in the residual sol.d dying oyM.il 
fractionation 

Cj Weight concentration of • ■ <:iemeni in the residual solid after melt 
extraction 

V> S„ Wolght concentration of a trace element in a steady state liquid after a 
large number nr RTF cycles 

C A Concentration of a trace element in the wailrock beino aaaimliated during 
AFC processes 

Bulk distribution coefficient ol the residual solids (see Eqn |4 611 
Dg, Bulk distribution coelficient ol the original solids Isee Eqn [4,5}> 

D Bulk di'.n bulun coefficient ol the fractionating asaembiapn du^np -vstai 

fractionation 

f Weight fraction of molt produced in partial melting; in fractional 
crvvdtiiration, thr fraction of mel! remaining 
1 Frection ol melt allocated to the solidification tone m in sSiu crysta l.ration 
which is returned to the magma chamber 
I A tunclon of F. the fraction of mdt remaining in AFC processes 
K(t Mineral'mett partition c o efficien t 
M, Mats of the liquid in in situ crystal) ttahon 
M Total mass of the magma chamber «n Situ crysial imiOn 
n Number of rock volumes processed during rone refining 
P Bulk distribution coefficient of minerals which make up a melt (see Eqn 
(4.91) 

r Ratio of (he assimilation rate to tho fractionation rate in AFC processes 
x Mass fraction of Iho liquid crystal lire a in each RTF cycle 

V Mass fraction of the liquid escaping in each RTF cycle 


Any suilc ol rucks which has been subjected in hydrothermal altci-itiun or 
inclamorphirm is likely to sulTcr element mobility, It is essential, therefore, in any 
iraex- element study to demonstrate first that dement concern rat ions arc 
undisturlicd and original before inferences can be made about the pctrofcncsis uf 
the rock group. 

Trace dcmcnl mobility is controlled by the mmcrato^K al changes which talc 
plate during alteration and the nature of the fluid phase. \s a ^cncrali/Jlkm, 
incompatible dements which bekmg to the I.FS group (Cv. Sr. k. Rb. lb — 
Figure 4.2) arc mobile, whereas the HFS dements arc immobile T his latter group 
incl u des the RKK, Sc, V. Th, Zr, Hf, Ti, Nb, Ta and P (Pearce, ). In addition 
the tramition metals Mn. Zn and Cu tend to be mobile, particularly at high 
temperatures (sec Sec w aid and Scyfricd, 1990), whilst Co, \‘i, V and Gr arc 
immobile. Such generalization* arc normally valid, although many exceptions arc 

documented l his mas be illustrated with reference to the nudittorulls immobile 

• • 

RFK. Humphries (1984) shows that there is no simple relationship between the 
degree of mobility of the RKI . and rock type or metamorphu* grade, am! -mphisi/a-s 
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the mmcralogical and fluid controls. Per example, the RKK may be more «as9| 
released from a glassy basalt during alteration than from a rrxk with the same 
composition but which is crystalline. Again the REE may be mobilized by halogen- 
rich or carbonate rich mineralizing fluids in a rock in which they would otherwise 
be stable with respect to the movement of an aqueous fluid. 

A special ease of trace element mobilization is in the dehydration of subducted 
ocean floor, a process thought to be pertinent to the generation ol calc-alludi 
magmas. Pearce (19X3) has suggested that the elements Sr, k, Rb, Ha, Th, Ce, P 
and Sm may lx* mobile in such circumslam < s 


Furttof melting Two types of partial melting process arc commonly described in the geological 
literature and represent end-member models of natural processes. Retch melting, 
also known as equilibrium fusion and equilibrium partial melting, describes die 
formation of a partial melt in which the rnclt is continually reacting and re 
equilibrating with the solid residue at the site of melting until mechanical 
conditions allow it m . as a single 'batch’ of magma. In fractional melting, 
also known as Rayleigh melting, only a small amount of liquid is produced and 
instantly isolated front the source. Equilibrium is therefore only achieved between 
the rnclt and the surfaces of mineral grains in the source region. 

Which partial melting process is appropriate in a particular situation depends 
upon the ability of a magma to segregate from its source region, which in lum 
depends upon the permeability threshold of the source The problem is discussed in 
some detail by Wilson (1989). Fractional melting may be an appropriate modd for 
some basaltic melts, for recent physical models of melt extraction from the mantle 
indicate that very smalt melt fractions can be removed from their source region 
(McKenzie, 1985; O’Nions and Meken/ie. 1988). More viscous, fdsic melts have a 
higher permeability threshold and probably IkIuvc according to the hatch melting 
equation. It is worth noting in passing that physical models of melt extraction 
describe melt fractions in terms of their volume whereas chemical models describe 
melt fractions in terms of their mass. 


(a) Bah ft mdang The concentration of a trace element in the melt C ( is related to 
its concentration in the tunnelled source Q by the expression 

C,/C 0 = l/I^s + ZKI-^te)] [4.61 

and the concentration of a trace element in the unmcltcd residue Cg relative to the 
unmelted source Q is 


C s /q, = iwIBks + fd - n«s)J [471 

where is the bulk partition coefficient (sec Eqn (4.5)) of the residual solid and 
F is the weight fraction of melt produced. It should be noted that the bulk partition 
coefficient is calculated for the residual solids present at the instant the liquid is 
removed, so that solid phases that were present but arc now melted out do not 
influence the trace element concentration in the liquid (Hanson. 1978), This 
formulation of the batch melting equation is very straightforward to use. It. 
however, a more complex formulation is sought, then the hatch melting equation is 


122 


Using trace element data 


expressed iu terms of the original mineralogy of the source and the relative 
contributions each phase makes ro the melt: 

q/q, = \/[d 0 + m - P )i [4.81 

where Dq is the bulk distribution coefficient at the onset of melting and P is m 
hulk distribution coefficient of the minerals which make up the melt. P is calculated 
from 

/> = />, Kdy + py KJ Z + Pi Kdi + ... [ 4 . 9 ] 

where p\ etc. is the normative weight fraction of mineral I in the melt and A,/, is 
the mineral melt distribution coefficient for a given trace element for mineral 1. 

In the case of modal melting (i.e. where the minerals contribute to the melt in 
proportion to their concentration in the rock), Eqn |4.S], simplifies to 

C,/C 0 = + E(1 - A))l - - 1*4-10] 

Even more complex formulations, which allow a phase to he consumed during 
melting, melt proportions, to vary during partial melting and variations in partition 
coefficients, arc given by Hertogen and Gijbels (1976) and Apted and Roy (1981}. 

Taking the simple case where />is calculated for the unmelted residue Etjn (4.6), 
the degree of enrichment or depletion relative to the original liquid (C|/Q|) for 
different values of F is illustrated in Figure 4.11(a) for seven different values of Z), 
the bulk distribution coefficient. When D is small, expression [4,6] reduces to l/F 
and marks the limit to trace element enrichment for any given degree of hatch 
melting (see shaded area on Figure 4.11a). When Fis small, Eqn [4,h] reduces to 1/ 
/) and marks the maximum possible enrichment of an incompatible element and rhr 
maximum depletion of a compatible dement i l.m-.i t i the original source. Small 
degrees of melting can cause significant changes in the ratio of two incompatible 
elements where one has a bulk partition coefficient of, say. 0.1 and the other 0,01, 
but at smaller values of F> (0.01-0.0001) the discrimination is not possible. 

Enrichment and depletion in the solid residue in equilibrium with the melt (Lqn 
[4 7]j is shown in Figure 4,111,b) for different values of F and D Even sm.il! degrees 
if melting will deplete the residue significantly in incompatible elements 
Compatible elements, however, at small degrees of melting remain very clnsc to 
their initial concent rations. Cox at aL (1979) used this relationship to estimate the 
average content of compatible elements such as Ni and Cr in the upper mantle from 
the composition of ultramahc nodules from which a mdr may have already been 
extracted. 


(b) Fratrienni wetting There arc two versions of the fractional melting equation, 
One considers the formation of only a single melt increment whilst the other 
sell • i i. y ..i’l - ieu li : . 1<:-: ‘ ' " ' •• Col ion if a large it. Tiv-i h I 1 

melt increments. If ii ts assumed that during fractional melting the mineral phases 
enter the melt in the proportions in which they arc present in the source, then the 
concentration of a trace element in the liquid relative to the parent rock f*\r .» gh'fn 
melt increment is given by the expression 


c,/c " = /l (1 _ rf"*" 


14111 


where F is the fraction of melt already removed from the source and D {] is the bulk 
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(a) Hawh melting —Iiquidv (b) Parch mclung—rctidue 

Fi(tnt 4.H (a) The enrichment of a trace element in a partial melt relative to its concentration in the 

source (C L /Cy during batch partial melting with changing degrees of melting (f). The 
numbered curves are for different values of the bulk partition coefficient D. At small degrees 
of melting, compatible elements arc greatly depleted relative to the source wlmt-av. 
incompatible elements arc greatly enriched to a maximum ol \/F. Hi; shaded region :s [he 
area in which enrichment is impossible, (b) Enrichment and depletion of a trace element in 
the residue relative to the original source (C/Cj with changing degrees nf melting (/’> Fur 
different values of bulk partition coefficient (D) 

partition cw fBoa i t for the anginal solid phases prior to the onset of melting The 
equation for the residual solid is 

C s /t’ 0 = (I - Ff JDrV > [4,12] 

The general expressions for the more probable case where minerals do not enter the 
melt in their modal proportions arc given hy 

C l /Q =^(l - FF/D 0 p" , -'> [4.13] 

and 

C s /Q = —!— (1 - /V/0,,) 1 "' [4.HI 

where P is the bulk distribution coefficient of the minerals which make up the melt 
and is calculated from F.qn [4.9], 

The variation in trace element concentrations relative to the original liquid (Q/Q) 
during fractional melting for a single melt increment at different degrees of melting 
and for different values of /> is shown for modal melting (F.qn 14.11(1 in Figure 
4.12(a). An enlargement of the region of interest {F - : li js given in Figure 

4.12(c). In the range 0-10% nulim’.\ the changes in element concentrations 
relative tr. Hi, ; mat source are more extreme than in batch melting, although the 
limiting value of 1/D is the same. 
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Trace element concentrations, in the original solid, momentarilv in equilibrium 
with the liquid (tqn [4.12]) arc shown tor small mcll fractions in Figure 4 12(d). 
Incompatible elements arc even more strongly depleted than in hatch melting 
although compatible element concentrations arc uncharged relative to the source. 
Where trams t melt increments have collected togetho ill- general expr i - 

C,./Q =p 11 - (I - Wfl 0 > 1 "’] [4.15) 

where C\ is the averaged concentration of a trace element in a mixed melt, in the 
case of mml.il melting tqn 14-15] simplifies to 

A/Ci *j~[l - (1 — [4.16] 

The numerical consequences of fractional niching where the melt increments are 
collected together in a common reservoir are illustrated in Figure 4.12(b). This type 
of fractional melting is indistinguishable from batch melting except for compatible 
dements at very large degrees of melting (cf. Figure 4.11a). 

Crystal Three types of fractional crystallization are considered here - equilibrium 
fractionation crystallization, Rayleigh fractionation and in utu crystallization 

(a) Equilibrium crystallization The process of equilibrium crystallization describes 
complete equilibrium between all solid phases and the melt during crystallization. 
This is not thought to be a common process although the presence of unzoned 
cry stals in some m.ihr rocks suggests rh.it ir may he applicable on a local scale in 
some mafic magmas. The distribution of trace elements during equilibrium 
crystallization is the reverse of equilibrium melting (page 121), and the equation 
therefore is 

C l /Cq = \f\D + n\ ~D)\ [4.17] 

In This case C 0 is redefined as the initial concentration of a trace element in the 
primary magma, F is the fraction of melt remaining and i) is the bulk partition 
coefficient of the fractionating assemblage. The enrichment and depletion of trace 
elements relative to the orginal liquid may be deduced from Figure 4.11(a), the batch 
melting diagram, but in this case the diagram should be read from right to left 

(b) Fractional crystallization /Rayleigh fractionation More commonly crystals are 
thought to be removed from the site of formation after crystallization and the 
distribution of trace elements is not an equilibrium process. At best, surface 
equilibrium may be attained. Thus, fractional crystallization is belter described by 
the Rayleigh law. Rayleigh fractionation describes the extreme case where crystals 
arc effectively removed from the melt the instant they have formed. The equation 
for Rayleigh fractionation is 

C L /Co = F^~ l > [4 18] 

and the equation lor the enrichment of a trace element relative to the original liquid 
in the crystals as they crystallize (the instantaneous solid) C K is given by 

C R /C Q = DF (fM) 


[4 l*| 
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(a) Fractional melting 



F 

(b) Fractional melting ami 
aggregation liquids 




to 

S 

2 

1 


(c) Fractional meltings liquid* 


(d) Fractional melting — residue 


Fiptit 4.12 (a)' ITic enrichment of a trace dement in a melt relative to its source (Cj/Q,) as a function uf 

the fraction of melting (f). during fractional melting for different values of bull partition 
coefficient ;/)) lluring fractional melting only a very small melt fraction is produced and it 
is instantly removed from the source (b) The enrichment of a trace element in a melt relative 
to its source (Cj/Qy) as a function of fraction of melting (/') and bulk partition coefficient 
(D) during fractional melting. In this case small melt Tractions are removed instantly from 
the source but aggregate together. This process produces very similar result*. tn that of batch 
melting (c) An enlargement of (a) between values of F off* and 0.1. (d) The enrichment of a 
trace dement in the residual solid relative to the concentration in the original source iCJC ft ) 
as a function of F between values of 0 and 0.1. 
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The cquatwm for ihc mean enrichment uf a trace element tn the cumulate relative to 
the original liquid. It, the total residual solid C K , is 

C*/C^ * (I - |4 20) 

Ravlogh fractionation r illustrated in Figure 4. I3(j), which shows the comm I ra¬ 
tion of a trace element relative to its initial concentration m the liquid at differing 
values of / the proportion ofliquid remaining for different values of D Foe 
incompatible elements there is little difference between Rjvlcigh fractionation and 
equilibrium crystallization until more than about 75% of the magma has 
crystallized, at which point the efficient separation of crystals ami liquid bw 
physically difficult. The limiting case for incompatible dements is where l) 0. m 
vi t I/', the same as for equilibrium cn stalli/ation It is fherdote 

impossible to enrich a liquid beyond ihi> point by fractional crystallization Rayleigh 
fractionation is less effective than batch melting irt changing the ratio of two 
incompatible elements, for the curves for 0.1 and 0.01 atr vers close together 
(Figure 4.15a). Compatible elements arc removed from the melt more rapidly than 
in the cave of equilibrium crystallization 

live concentration of trace el e men t s in the instantaneous solid residue of 
Rayleigh fractionation is illustrated in Figure 4.13(b). More relevant, however, b 



is] Rayleigh tnawiuun (h) RavlricH fractiorotton - ie) Kiylc.gh funN«n>i>*i 

Itquvdt rodjt. imumiMoitt scold residue, rkmi nmnitilwi 

ia cumulate 


f'tfwt US (a) The enrichment of a tract element in a ndt rciune to its eononuniwn a ihe parental 
mch (C|/Q a« a funetioo of ihe fraction of remaining liquid (A’) during Rayleigh 
fncxioeuiion for different values of boll partition cocfintni (/>) Ihe limiting value of C L / 
Q it l/A‘ and the shaded area it the region of inpuibk uiixv (b) 'Ihe ennehmew of a 
trace eheneru in ihe instantaneous soAd. U. the sobd which u produced and then 
immediately removed durmg crnal fractwfuhoe, rebrisc to the pmul l*>) J as a 

function of the fraction of remaining liquid and bull pmitwrn coefficient. (c) Ihe enrichment 
of a trace element in the residue, i t. the mean concentration in the cumulate, relative to the 
parental liquid (Cr/Cq) as a function of the traction of remaining liquid and bull parti mm 
coefficient (/>) burrims (a) to (c) are read from right to left, as (hr v il.. <1 F decreases 
with fractional crystal I t/a tion 
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the mean concentration in the cumulate given by Eqn [4-20] and shown in Figure 
4.13(c). Relative to concentrations in the original liquid, incompatible element 
concentration* decrease and compatible element concentrations increase with 
progressive tractions I crystallization. 

In reality, of course, crystallization processes probably operate between the two 
extremes of equilibrium crystalli/amm and riachnn-d cr".t lliznion, which should 
be seen as limiting eases. 


(t) In iiiu cryilaltization Over the past decade new ideas have emerged on how 
crystallization takes place in magma chambers and on how crystals and liquid arc 
separated The view that crystals will separate Irorn a melt through gr.tvitaiiun.il 
settling has been strongly criticized and is probahly strictly applicable only Id 
ultramaficmclrs Instead it is thought that crystallization takes place on (beside w al\ - it 
magma chambers and fractional crystallization is considered an in situ process in which 
residual liquid is separated from a cry stal mush —■ rather than vice versa — in a 
solidification /one at the magma chamber margin The solidification zone progressively 
moves through the magma chamber until crystallization is complete. 

Faingmuir ;1%‘9) has derived an equation which describes trace dement distribu¬ 
tions during in situ crystallization. In order to be able to compare the results with the 
effects of fractional and equilibrium crystallization, the equation presented below is for 
the special case where there is no trapped liquid in the solidification zone. 

C,/q, = (MJMjn -/WB [4.211 

Af 0 is the initial mass of the magma chamber and Vf, is the mass ofliquid so that 
the ratio Af L /41 0 is equivalent to the term, F — the fraction of melt remaining and 
used in equilibrium and fractional crystallization models;/is the fraction of magma 
allocated to the solidification zone which is returned to the magma chamber. 
Liquation |4.2l | is similar in Form to the Rayleigh fractionation equation but with a 
more complex exponent. 

The effects of m situ crystallization on the ratio of a trace element relative to the 
parental magma (C, /C n ) for different melt fractions returned to the magma 
chamber (/ = 0.1 0.8) is shown Ibr four different bulk partition coefficients in 
Figure 4.14(aMd). The chief differences between in Mu crystallization and 
Ravkiuh fractionation may be observed by comparing Figures 4.14 and 4.13(a), The 
limiting case is where/= I.D, which is Rayleigh fractionation. At low values of/the 
enrichment of incompatible elements and the depletion of compatible elements arc 
not as extreme during in uiu fractional crystallization as in Kavlcigh fractionation, 


Contamination (a) -iFC protases It was Bowen (1928) who first proposed that wallroek 
assimilation is driven by the latent heat of crystallization during fractional 
Cfysilfiiz.it ion [see Section 3-3.1). IDcPaolo (1981b) and Powell (1984) have derived 
equations which describe the concentration of a trace element in a melt relative Eu 
the original magma composition in terms of AFC processes, It is worthy of note, 
however, that AFC processes arc difficult to recognize and require a strong contrast 
in trace element concern rations between magma and wallroek before they can be 
detected (Powell, 1984). Tie equation for constant values of r and D is 


r 

(r-\+D) 


* %<■ “/') 


|4.22] 


C,/C 0 =/* + 
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figure I.H (aHd) The enrichment ol' a trace dement in a melt relative to the parent melt (Q/Qj) as a 
function of the fraction of remaining nr. h ■ lf r /1/ 0 the ratio of the manor the Ikjuid to the 
mass of the magma chamber), bulk partition coefficient (D = 0.01, 0.1, 2, IQ) and the fraction 
of magma in the solidification zone which is returned to the magma chamber (/" = 0.1, 0.2, 
0.5, 0,8) during nr suu crystallization. 


where r is the ratio of the assimilation rate to the fractional crystal I tat non rate. C\ is 
the concentration of the trace element in the assimilated wallrock and /‘ is 
described by the relation 
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(a) C A /C 0 - 0.1 (b) C A /C e - 1.0 (c) C A /C 0 • 10 

Figure 4.tS (»Hc) The enrichment of a trace element in a melt relative to the parcnul melt (Q /Q) as i 
function of the fraction of the remaining liquid (F) and the ratio of the concentration of the 
trace element in the assimilated country rock to the concentration in the parental liquid (f.\/ 
r ( ~ II 1. I, |G) and die bulk partition coefficient (ZJ = 0.01, 0.1, 1, 2, 5, 10) during 
assimilation and fractional crystallization (AFQ. The calculated curves are for the ease where 
the ratio of the rate of assimilation to fractional crystallttttUDn (r) is 0.2. 



F F F 

(a>C A /C e C.t (bjCA/Co - t.O (OC A /C 5 -tC 

Figun <r I ■■ ia)-(c) The enrichment of a trace dement in a melt relative to the parental melt (Cj/Cg) as a 

function of the fraction of the remaining liquid (F) and the ratio of the concent ration of the 
trace element in the assimilated country rode to the concentration in the parental liquid (C\/ 
Pi) and the bulk partition LUffiiiirnt (fl) during assimilation and fractional crystallization 
(AFQ. Hie calculated curves are for the case where the ratio of the rate of assimilation to 
fractional crysralliratian (r) « 0.8, 
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w here / is the fraction of magma remaining and D is the bulk distribution 
cocffiticnt- 

Figures 4.1> and 4.16 depict the enrichment of a trace element relative to its 
concentration in the parental magma with carving amounts of remaining melt for 
two different rates of assimilation relative to fractional crystallization (r = 0.2 ami 
0.8) and three different concentrations of the trace element in the assimilam relative 
to the parental magma, it 1 C, ,i, and different values of D. 

Where the rate of assimilation to fractii nal * .-vstallization is small - H 
incompatible elements behave in a similar manner to Rayleigh fractionation. 
Depletion in compatible elements is Jess dramatic, particularly when the 
concentration of the trace element in the assimilant is higher than in the primary 
magma (Figure 4.15c), although for very compatible dements concentrations level 
off after a small degree of fractionation. 

Where the rate of assimilation is high (r - 0.8) and the concentration of the trace 
dement relative to the parental magma is small (Figure 4.16a). incompatible 
dements arc enriched and there is some separation between incompatible and 
strongly incompatible dements. Compatible elements are strongly depdctcd As ui. 
trace dement concentration in the assimilant increases relative to the parental melt, 
enrichment increases and even compatible elements arc enriched (Figure 4 16c). 

(b) Zone refining In the section above on partial melting, it was suggested that 
batch melting and Rayleigh melting represent end-member models of natural 
melting processes. In reality it is likely that melts arc neither instantaneously 
removed from the source nor do they remain totally immobile in their source. 
Rather they migrate at a finite rate and continuously react with the matrix through 
which they pass (Richter, 1986). During its passage through untucked matrix it is 
possible thaj a melt will become further enriched in trace elements. 

One possible mechanism for such a process is that of zone refining (Harris, 
1974). analogous to a metallurgical industrial process, in whkh superheated magma 
consumes several rimes its own volume during melt migration and thus becomes 
enriched in incompatible elements. The equation for the enrichment of a trace 
element by zone refining is 

C L /C„ = i-|i - Ifc-" [1-231 

where n is the number of equivalent rock volumes that have reacted with the liquid. 
Where n is very large the right-hand side reduces to 1 / D. The extent to which zone 
refining occurs in nature is the subject of debate, however, for a continual supply of 
superheated liquid is unlikely to occur on a large scale, 

The numerical effects of zone refining are illustrated in Figure 4.17, which 
shows the enrichment of a trace element relative to its original concentration for 
the number of rock volumes consumed («). For a compatible element with D — 2.0 
the maximum enrichment (1//J) is reached when n is about 200, but for 
incompatible dements (0.10.01) the maximum enrichment is nut reached even 
after 1000 rock volumes. 


Dynamic moJelt (a) Dynamic melting To improve upon earlier ‘static' models of partial melting, 
I-ingmuir et ai (1977) proposed a model of partial melting in W'hich a number of 
melting processes take place continuously and simultaneously. The main feature of 
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Ftptrt -1.(7 'Hie enrichment at a rr.ice dement in a melt relative to the some (C^/Qj) as i function of 
the number of rock volumes {») and bulk partition coefficient (P) during wine refining, 

the model is that there is incomplete melt extraction from the source which means 
that the source, always contains a mixture of melt and residue. Ijngmuir ft at, 
< 1 1 >77) used this approach to explain the variability of REE patterns from the 
Famous region of the Mid-Atlantic Ridge. 


(b) The RTF magma thumb ft In an attempt to view magma chamber processes in 
a more dynamic way O’Hara (1977) and O'Hara and Matthews (1981) proposed a 
model to describe the behaviour of trace elements in a, periodically Replenished, 
periodically Tapped, continuously Fractionated magma chamber (abbreviated to 
RTF). They proposed that the life of a magma chamhcr comprises a series of cycles 
each of which has four stages — fractional crystallization, magma eruption, wall lock 
contamination and replenishment. The concentration of a trace element in a steady 
state liquid produced after a large number of cycles relative to the concentration in 
the replenishing magma batch (^Cg/Cu) is given by the expression 


ssQ/Q - 


(a + >K» ~ 

[-(I-x-jW-*) 


[ 4 . 24 ] 


where x is the mass fraction of the liquid crystallized in each cycle, y is the mass 
fraction of the liquid escaping in each cycle and D is the bulk distribution 
coefficient, and where x t y and D do not vary in the life of the magma chamber. 

The degree of enrichment ggCg/Qy is plotted against x in Figure 4.1R for y — 
11 I uni in: sewi,1 1 different values of D> 
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Figurt 4,18 The enrklimeiit of i trace element in a itody^uic liquid relative 10 the contcmraiion in the 
replenishing nupma batch a fwnUiun »f the mass fraaion of the liquid 

cryMilli/cd in each cycle (jt) and the bulk partition COettkiem i/J) after a large number of 
cycles in a RTF magmi chamber. The corves shown hen’ are for the condition ; - 0 L i.e. 
lltc mass fraaion of the liquid escaping in each cycle is 0 . 1 . At higher values of y the degree 
:*E -nnVlima it ■» i compatible elements is reduced. 

In the special case where t + y = 1. i.e. when the magma chamber is emptied 
then 


MC, = (1 - xf-' 14-25] 

which is the Rayleigh fractionation equation. 

When D = 0, i.e. in the case of a totally incompatible trace element, 

„c„/<;,= i , 4 . 26 ] 

and is a measure of the maximum cm icbmcnt attainable. 

II.igcn and Neumann (1990) proposed that RTF processes arc continuous rather 
than a series of cycles as suggested by O’Hara and Matthews (19S1) and Lheir paper 
useful!} includes the FORTH AN 77 code to implement the two model-. 


Sedtmentary Trace element concentrations in sediments result from the competing influences of 
process** the provenance, weathering, diagcncsis, sediment sorting and the aqueous 
geochemistry of the individual dements. The highest concentrations of trace 
elements are found in clay-rich sediments and most geochemical studies have 
concentrated on these lithologies. Selected trace elements may be used to identify 
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4.3 


TabU V 4 


particular geochemical processes and to identify the sedimentary provenance. i h 
most important clcmcnls in this respect arc the Rl I . IT. Sc sad to a lesser extent 
Cr anti (jj These elements have very low amteniraiuns in sea and river waters, 
low resilience times in the ocean and clement ratios which are unafleefed In 
diagenesis and metamorphism. Thus they are transported exclusively in the 
terrigenous component of a seitimcnt and reflect the chemistry of their source. 

Other elements are more soluble Ft Jr example, fc, \ln, Pb and sometimes Cr 
are mobile during diagenesis Cs, Rb and Ba arc fixed during weathering but Sr is 
leached. Immobile elements such u Zr, 1 If and Sn may be mechanically distributed 
according to grain si/e and mas be controlled by the concentration of heavy 
minerals. 


Rare earth elements (REE) 


The rare earth dements (REE) arc the most useful of all trace dements and REE 
studies have important applications in igneous, sedimentary and mcTamorphic 
petrology The REE comprise the scries of metals with atomic numbers 57 to 71 — 
I^t to I,u (Tabic -1.4). In addition, (he clement Y with an ionic radius similar to that 
of the REE Ho is sometimes included. Typically the low'-atomic-number members 
of the series arc termed the light rare earths (I.REK), those with the higher atomic 

I'iic ran: canh cIl-iikiiu 


Atomic 

number 

\an»e 

Symbol 

Ionic radius (or right-fold 
coordination * 

57 

Ijnrhnruim 

La 

iv 

I.I6H 

58 

Cerium 

Ce 

Cx u 

1.143 




Cc 4 * 

(J.970 

59 

Praraodymium 

Pr 

Pr 4 * 

1.126 

60 

Neodymium 

N’d 

Nd” 

1.109 

61 

Promethium 

Pm 

Not naturally 

occurring 

62 

Samarium 

Sm 

Sm'* 

1.079 

63 

Europium 

Ku 

Eu 1 * 

1.066 




Eu 1 * 

1 250 

64 

Gadolinium 

Gd 

Gd u 

1.053 

65 

Terbium 

Tb 

rb 5 * 

1.040 

66 

Dysprosium 

[>y 

Dv* 

1.027 

67 

Holmium 

Ho 

1 !o s * 

1 015 

68 

Erbium 

Er 

Er’* 

1.004 

69 

Thulium 

Tm 

Tm” 

0.9y4 

70 

Ytterbium 

Yb 

Yb 5 * 

0.985 

71 

Lutetium 

Lu 

Lu'* 

0977 

39 

Yttrium 

Y 

Y u 

1.019 


* From Shannon (1976), in Angstrom* (10 10 m). 
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numbers the heavy rare earths (HREE) and less commonly the middle members of 
the group, Sm to Ho, arc known as the middle REE (MREE). 


4.3.1 The chemistry of the REE 

The REE alt have very similar chemical and physical properties, This arises from 
the fact that they all form stable 3^ ions of similar size, Such differences as there 
ire in chemical behaviour are a consequence of the small but steady decrease in 
ionic size with increasing atomic number. This is illustrated for ions in eight-fold 
coordination state in Table 4.1. These sin.il! differences in si/e and Ischaviour are 
exploited by a numlxrr of petrological processes causing the REE series to become 
fractionated relative to each other It is this phenomenon which is used in 
geochemistry to prohe into the genesis of rock suites and unravel petrological 
processes. 

A small number of the REE also exist in oxidation states other than 3+ but the 
only ions of geological importance arc Cc** and Eu'*. These form a smaller and a 
larger ion respectively, relative to the 3+ oxidation state. 


Table 4.S Chondritc values used in normalizing REF (concentrations in ppm) 



Wakita 

Haskm 

Masuda 

Nakamura 

Evensen 

Boynton 

T& M 

Primitive 

\ Hilly if; J.i 








mantle 

met In ul 

NAA 

NAA 

ID MS 

IDMS 

IDMS 

IDMS 

IDMS 

value 

CliiMidr itc(s) 
analysed: 

lompusne 

Composite 

Lee dev 

Composite 

Avg.CI 

Ass Cl 

Avg a 


(Ref) 

0) 

(2) 

(3) 

<4> 

(5) 

(6) 

(7) 

(8) 

La 

0.340 

0.330 

D3780 

0 3290 

I I 244 60 

0 3100 

11.3670 

0.7080 

Ce 

0.910 

0.880 

0.9760 

0.8650 

0 637 90 

0,8080 

0.9570 

l .8330 

Pr 

0.121 

0.112 



0 096 37 

0 1220 

0.1370 

0.2780 

N’d 

0.640 

0.600 

0.7160 

0.6300 

0 473 80 

0,6000 

0,7110 

1.3660 

Sm 

0.195 

0.181 

0 2300 

0.20.30 

0 154 00 

0 1950 

0.2310 

0.4440 

Eu 

0.073 

0.069 

0.0866 

0,0770 

0.058 02 

0,0735 

0.0870 

0.1680 

Gd 

0.260 

0.249 

0.3110 

0.2760 

0 204 30 

0,2590 

0.3060 

0.5950 

Tb 

0.047 

0.047 



0 037 45 

0.0474 

0.0580 

0.1080 

Dy 

0.300 


0.3900 

0,3430 

0 254 10 

0.3220 

0.3810 

0.7370 

Ho 

0.078 

0.070 



0.056 70 

0.0718 

0.0851 

0.1630 

Er 

0 200 

0.200 

0.2550 

0.2250 

0.166 00 

0.2100 

0.2490 

0.4790 

r .l m 

0032 

0.030 



0 1125 61 

0.0324 

0.0356 

0.07441 

IT 

0.220 

0.200 

0.2490 

0,2200 

0.165 10 

0,2090 

0.2480 

0.4800 

Lu 

0.034 

0.034 

0.0387 

0.0339 

0.025 39 

0.0322 

0.0381 

0.0737 

Y 







2.1000 



(1) Wakila t( ul, (1971): composite of 12 chondrites. 

(2) Haslin ft j i (1968): composite ot nine chondrites. 

(3) Masada et at. (1973): Lcodev chondritc. 

(4) Nakamura (1974), 

(5) Evensen et at, (1978). average of Cl chondrites 

(6) Boynton (1984). 

(7) Taylor and McLennan (1985): 1.5 x values of Even sen [column (5)] 

(8) McDonough ei ul. (1991). 
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4.3.2 Presenting REE data 

Rare earth element content rations in rocks arc usually normalized to a common 
reference standard, which most commonly • nmpi values for chondriiic 

meteorites. Chondriiic meteorites were chosen because they arc thought to be 
relatively unfractionated samples of the solar system daring from rhe original 
nucleosynthesis. However, the concentrations ot the REF. in rhe solar system are 
sen variable because of the different stabilities of the atomic nuclei. REF. with even 
atomic numbers are more stable (and therefore more abundant) than RF.F, with ixld 
atomic numbers, producing a zig-zag pattern on a composition-abundance diagram 
(Figure 1 1 ’ 1 1 . I Ids pattern of -abu:Tunis is also found in natur.il sample v 
Chotulrilic normalization therefore has two important functions. F'irslly it 
eliminates the abundance variation between odd and even atomic number elements 
and Secondly it allows any fractionation of the REE group relative to chondriiic 
meteorites to be identified. Normalized values and ratios of normalized values arc 
denoted with the subscript N — hence for example Cc N , (I j/Cc) v 

The REF. arc normally presented on a concentration vs atomic number diagram 
on which concentrations are normalized to the chundritic reference value; expressed 
is the logarithm to the base 10 of the value. Concentrations at individual points on 
the graph are joined by straight lines (Figure 4.20). ‘Phis is sometimes referred to as 
the Masuda-Corycll diagram after the original proponents of the diagram (Masuda, 
1962; Coryell el et/., 1963). Trends on REE diagrams are usually referred to as REK 
‘patterns’ and the shape of an REF. pattern is of considerable petrological interest. 

Not infrequently rhe plotted position of F.u lies off the general trend defined by 
the other elements on an REF. diagram (Figure 4.2D) and may define a europium 
anomaly. If the plotted composition lies above the general rrend then the anomaly 
is described as positive and if it In . .n ihc trend then the anomaly is said to he 
negative. Europium anomalies may be quantified by comparing the measured 
concentration (F.u) with an expected concentration obtained by interpolating 
between the normalized values uf iSm and Gd (Eu*), Thus the ratio Eu/F.u* is a 
measure of the europium anomaly and a value of greater than 1.0 indicates a 
positive anomaly whilst a value of less than 1.0 is a negative anomaly. Taylor and 
McLennan (1985) recommend using the geometric menn; in this case Eu/Eu* = 

F.u N /Vl(Sm N ).(Gd N )]. 

(a) Difficulties irilit .houJrite normalization Unfortunately it has become apparent 
that chondriiic meteorites arc actually quite variable in composition and 'chondrites 
with “chondriiic* 1 REE abundances arc the exception rather than the rule’ 
(liny nton, 1984), This variability in chondriiic composition has given rise to a large 
number of sets of normalizing vales for the REE (Table 4,5) and to date no 
standardized value has been adopted. The variability may be reduced to two factors 
— the analytical method and the precise type of chondrites analysed. Some authors 
use 'average chondriie’ whilst others selected Cl chondrites as the most 
representative of the composition of rhe original solar nebula. 

(if) Choosing a set of normalizing values Figure 4.20 shows Hat rare earth patterns 
typical of an Archaean tholeiite normalized to the range of chondriric values listed 
m Table 4,5. The patterns show both variety itt shape and in concentration range. 
The consensus seems to favour values based upon average chondriie rather than Cl 


U»r>9 *^ r 


data 



7. / € > Rare earth element abundances {lag scale) in the solar svsiein plotted against atomic number. 
Data from Anders and FJbihara (1 Ws 2), normalized to Si = Iff' atoms hiement* tuih even 
atomic numbers have higher abundances than those uiih odd atomic numbers 



Atomic number 


Fipurt J.20 Rare earth element abundances normalised to diondritic meteorite values plotted apinst 
atomic number tor an Archaean thnlriiiic hauh (sample II — Rollinsom 19S3), The vamc 
sample has been normalized using five different sets of values; the number^ refer r»> the 
columns of normalizing values listed in Table 4.5. 
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chondrites and either the values of Hovntnn (1984) based upon Even.sen <7 d L 
(1978), or the values of Nakamura (1974), w ith additions from Haskin ti al. (1968), 
seem to be satisfactory, In fact the two sets of values are very similar and lie in the 
middle of the range of values currently in use. 

REE ratio The degree of fractionation of a REE pattern can be expressed by the concentration 
tiiaframs of a light REE (lai or Ce) ratiued to the concentration of a heavy RF.F. (Yh or Y) 
Both elements are chondricc normalized. The ratio (r.a/Yb) N is often plotted 
against either Ccv, V , < a bivariate graph and is a measure ut the degree of 
RLE fractionation with changing RLE content. Similar diagrams may t>e 
constructed to measure the degree of light REE fractionation ((Ea/Stn)^ vs Sm\], 
heavy REE fractionation [(Gd/Yb)^ vs YbyJ and F.u anomalv [(Ia/Sm)^ vs (Lu/ 
Eu*)| in individual REE patterns. 


.\.ISC normal- It has been observed that the concentration of many elements in fine-grained 
tzatwn fm sedimentary rocks in .ontinent.il pl.itlnrnis .iruund the vvorld is similar .is a 
S€dimtntt consequence of mi sing through repeated cycles of erosion. This ‘average sediment’ 
is often used as the normalizing value for REE concentrations in sedimentary rocks. 
A frequently used composition is that of the North American Shale Composite 
(NASC) and the recommended values of Gromci ft til, (1984) are given in Table 
4.6 (column 5). Alternatives to NASC in current USG W -l composite European 
.shale (Haskin and 1 laskin, 1966) and the post Archaean average Australian 
sedimentary rock (McLennan, 1989). Some authors have taken the average 
abundance of RLE in sedimentary rocks a mc.i>ure of the REE content of the 
upper continental crust. This assumes that sedimentary processes homogenize the 
REE previously fractionated during the formation of igneous rocks- Thus an 
alternative to shale normalization is to use values for average upper continental 
crust ('Fable 4.6, column 8). 

Relative to chondrilic meteorites, N ASG has about 100 rimes the light REE and 
about 10 limes the heavy REF. content and a small negative F.u anomaly (Figure 
4.211), Normalization against NASC is a measure of bow rypi. il ,i sediment is, and 
may identify subtle enrichments and deficiencies in certain elements 


Rmk Less commonly some authors normalize REE concentrations to a particular sample 
MrmaJuiition in a rock suite as a measure of relative change. This is also useful when the REE 
concentrations of the individual minerals in the rock have also been determined, for 
then they can be expressed relative to the concentration in the whole rock. A similar 
form of normalization is to express the concentration in a mineral relative to the 
composition of the gromuhiusv, ihis is frequently used to displ.n inineral/mclt 
partition coefficients (Section 4.2.1). 


4.3.3 Interpreting REE patterns 

The REE are regarded as amongst the least soluble trace elements and are relatively 
immobile during low-grade metamorphism, weathering and hydrothermal altcra- 
rion, Mi chard 1 19,89), for example, shows that liydrmh. m.il solutions have between 
5 x 10 2 and If)* times less REE than the reservoir nick through which they have 
passed and therefore hydrothermal activity is not expected to have a major elTcci OP 
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TdUe 4.6 SunUrd tdiractiur« cum position* ucd for normalizing ike RFX i«Kninix«n in 
sedimentary roeU (ontotimioat in ppm) 


(Ref) 

NASC 

(1) 

NVSC 

12) 

NASC 

(3) 

NASC 

(4) 

NASC 

(5) 

ES 

(6) 

PAAS 

(7) 

Upper 

CTUU 

<*> 

Typical River 
tea* iter »Jter 

m on 

(I<r'- moll*') 

U 

39.000 

32 000 

32,000 

31.100 

31.100 

41.tOQ 

38 200 

30. IWI> 

20800 

425.0 

Ge 

76 000 

70 two 

73.000 

66.700 

67.033 

81.300 

79.600 

64.000 

9.640 

601.0 

Pr 

10.300 

7'wo 

7.HX> 



10.400 

8.8.30 

7.100 



Nd 

37.000 

31 (WO 

33,000 

27.400 

30.400 

40100 

.33,900 

26,000 

2EIOO 

3650 

Sm 

7.000 

5.700 

5.700 

5.590 

5.980 

7.300 

5.550 

4 500 

•1 320 

MI.4 

Eta 

2.000 

1 240 

1 240 

1.180 

1.253 

1 520 

1.0X0 

0,890 

(1.823 

20.7 

(id 

6100 

5.210 

5.200 


5.500 

6,030 

4.660 

3,KIM) 

5 200 

83.5 

Tb 

1.300 

0.850 

0 850 

0.850 

0.850 

1.050 

0.774 

0,640 



Dv 





1 uo 


4.680 

.3.500 

5 610 

97.9 

llo 

1.400 

1.040 

1 040 



1.200 

0.991 

OROO 



Er 

4.000 

3.400 

3 400 


3.275 

3.550 

2.850 

2.300 

4.940 

64.6 

Tm 

0 5KU 

0,500 

0500 



0.560 

0.405 

0 330 



Yb 

3400 

3.100 

3.100 

3.060 

3.113 

3.290 

2 820 

2200 

4 660 

51.7 

Eu 

0.600 

0.490 

0 480 

0.456 

0.456 

0.580 

0.433 

0.320 



Y 


27.000 




31.800 

27.000 

22000 




(1) North American thile composite (HnVin and Frey, 1966). 

(2) North American shale tunpmH (I Uslin and I Iiskin, 1966) 

(3) North AmetKift shale oompoult (Kasim tt a 1 . 1968). 

(4) North Amencan shale composite (Gromrt tt r£, 19841 — 

(3) North American shale composite ((iromet tt si., 19S4) — rwanniemled 

(6) Average European shale (llnlm and llaslin. 1966) 

(7) Post-.Irehacut average Australun sedimentary rock (Mclxmun, 1989) 
|S) Average upper continental crust (Taylor and McLennan. 1981) 

(9) ElderficUl and Grease* (I9S2), Table I. 900 m sample. 

(10) Moyle tt si, (19X4): Kiser l.uce, Scotland. 0.7 pm filter 


rock chemistry unless the water/rock ratio is very high However, the REE arc not 
totally immobile, M is emphasized in the review |n Humphries (1984), anil the 
reader should Ik cautious in interpreting the KI.K patterns of heavily altered or 
highly inctamoiphosed mcK, Nevertheless REE patterns, even in slightly altered 
roels. can faithfully represent the original composition of the unaltered parent and a 
fair dcgtcc of confidence 1 can be placed in the significance of peaks and troughs and 
the slope of an REE pattern. 

REE /ut/mu in The REE pattern of an igneous ruck is controlled by the REE chemistry of its 

ifntouf nth source and the crystal--mdt equilibria which have taken place during in evolution. 

Here we describe in a qualitative manner the wav in which the rok» of individual 
minerals may be identified during magmatic evolution, either during partial melting 
in the source region or in subsequent crystal fractionation In Section 4.9 the 
quantitative aspects of this approach are considered and applied to trace dements in 
general. The reasoning here is based upon the partition coefficient* for the REE in 
the major rock-forming minerals listed in Table* 4.1 tu 4.3 and depicted in Figures 
4.8 to 4.10. 

Europium anomalies arc chiefly controlled by feldspars, particular!', m fclsic 
nugma*, for F.u (present in the divalent state) is compatible m plagioexvc and 
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Figure 4.21 Rare eanh dement abundances in N'urili American Shale Composite (NASC) and European 

shale, nonmali/ed to chondritic values, Dou from Table 4,7, columns 5 and 6; normalizing 
values from Table 4.5, column 4. 

potassium feldspar, in contrast to the trivalcnt REE which are incompatible. Thus 
the removal of feldspar from a fclsic melt hy crystal fractionation or the partial 
mclring of a rock in which feldspar is retained in the source will give rise to a 
negative Eu anomaly in the melt. To a lesser extent hornblende, sphene, 
dinopyroxcnc, orthopyroxcnc and garnet may also contribute to a Eu anomaly in 
fclsic melts, although in the opposite sense to that of the feldspars. 

Enrichment in the middle REE relative to the light and heavy REE is chiefly 
controlled by hornblende. This is evident from the partition coefficients plotted in 
Figure 4.4, The REE are compatible in hornblende in fclsic and intermediate 
liquids and the highest partition coefficients arc between Dy and Er. Such large 
partition coefficients mean that even a moderate amount of hornblende (20-30 %) 
may dominate the bulk partition coefficient for this range of elements and influence 
the shape of the REE pattern. The same effect can also be observed with 
dinopyroxcnc, although the partition coefficients are not so high. Sphene also may 
ako affect on REE pattern in a similar way although, because it is present usually in 
lots concentrations, the effect may be masked by other phases. 

Fractionation of the light REE relative to the heavy ones may be caused by the 
presence of divine, orthopyroxcnc and dinopyroxcnc, for the partition coefficients 
increase by an order of magnitude from l^a to l,u in these minerals. In basaltic and 
andesitic liquids, however, the REE arc all incompatible in each of these minerals 
and are only slightly fractionated. 
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EL pattern t« 
u4 utd river 

water 


REE pattern 

in ifJimentf 


Extreme depletion of the heavy RHP- relative (a ihc light K imnl likely to 
indicate the ptevemr of pmtt in the source, for there i« a Urge \iruikin in the 
partition voclTkients of the REE. In hiullic liquid* the partition coefficient for I n 
i* more than 1000 times greater than that for La. The effect is less cxtrcnie. 
although still Urge, in febk liquids. Hornblende in fckic liquids may also account 
for extreme enrichment of light REE relative to heavy, although (he range of 
partition ooeflunts i\ not as great as in the ease of garnet. 

In tclsic liquids accessory phases such as sphenc, zircon, allamtc, apatite and 
rmmazitc mas strongly influence an REF. pattern for although they may be present 
in only small quantities (often much less than I °o of the- rock) thetr very high 
partition cocfBciviitu mean that they have a disproportionate influence on the Kl I 
pattern. Zircon will have an effect similar to that of garnet aiul will deplete in the 
heavy REE; sphenc and apatite partition the middle REE relative to the light ami 
heavy, and mona/irc and allanitc cause depletion in the light REE 

The aqueous geochemistry of the REE is a f unction of the type of complexes that 
the RKK mav fomt. the length of time the REE remain in volutmn in the ovvam 
(their residence lime), ami to a lesser extent the oxidizing potential of the watci 
The topic is wdl reviewed by Hrookins (1989). The REE contents of mw and! 
seawater arc extremely low (Table -1.6), for they arc chiefly transported as 
particulate material. When normalized to a shale vompniic (Sector 4 .» 2). Rl.lv 
concentrations in seawater are between six and seven order* of magnitude smaller 
that the shale value. River waters are about an order of magnitude higher. 

The REE in ocean waters provide information about oceanic input from nverv. 
hydrothermal vents and from acolian sources (l ldertichl, 1988). On a shale* 
normalized plot (Figure 4.22) seawater tends to show a gradual enrichment m REE. 
vunccntratioiis front the light to heavy REE and often show* a prominent negative 
Cc anomaly (Eidcrficld and Greaves, 1982). This anomaly it expressed as Ce/Ce* 
where ( x m is an interpolsKd value for I'.u based upon the concentrations of lot and 
Pr or La and Nd. The Ce anomaly occurs in response to the oxidation of Ce 1 ' to 
Cc 4 * and the precipitation ofCc 4 * from solution a* CcO>. Eu anomalies in seawater 
reflect either acolian or hydrothermal input. River water also shows a small negan 
Ce anomaly and an increase in REE ouncentr.uions from the light to heavy REE 
(Hoyle et «/., 1984) similar to that observed in seawater (Figure 4.22). 

REE com mirations in sedimentary rocks arc usually normalized to a sedimentary 
standard such o NASC, although this practice is not universal and some author* 
use chondritic normalization. 

fa) Ctatfu uitmenu 'ITif single most important factor contributing to the REE 
content of a clavdc sediment is its provenance (Fleet, 1984; Mclennan, IVS9). ’|Tm 
is because the RF.E arc insoluble and present in very low concentrations tn sea and 
riser water; thus the REE present in a sediment arc chiefly transported a* 
particulate matter and reflect the chemistry of their source. In cnmparivm, the 
effects of weathering and diagenesis are minor. Studies such as those bv Nesbitt 
(1979) ihow that whilst the REE, are mobilized during weathering, they arc 
repfccipitatcd at the site of weathering. A more recent study show*, however, that 
in the ta.se of extreme weathering the degree of weathering of the source can be 
recognized in the REE chemistry of the derivative sediment (Nothin et al. % 1990), 
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Figure 4 22 Concentrations ol rare earth elements in av crage -.caw iter anil .iicragc river water normalized 
to \ASC. The data are given in Table 4,6, columns h and 10. Normalizing values arc from 
Table 4.6 column 5, Note that the euncrntraiii n sea water and river water arc quoted in 
mol kg and must in this ease he multiplied bv the atomic weight, Concentrations shown are 
x 10T 

Diagrncsis has little influence on the redistribution of the REE, for very large 
water/rod ratios are required to dTcct any change in sediment chemistry. 

An important study by Cullers el at. (1987), on the effect of sedimentary' 
sorting on REF, concentrations, found that the REE pattern of the source was most 
faithfully represented in the day-sized fraction of the sediment. Clay-bearing; rocks 
also have a much higher concentration of total REF than other sediments It is for 
this reason that many authors have used the REE content of live day portion of a 
sediment or clay-rich sediments in order to establish the sedimentary processes and 
to identify the provenance. The presence of quartz has a diluting effect on REE 
concentrations, as does carbonate. The presence of heavy minerals, particularly 
zircon, monazitc and allanitc, may have a significant hut erratic effect on rhe REE 
pattern of an individual sample. 

(b) Chemical sediments Chemical sediments arc most likely to reflect the 
composition of the seawater from which they were precipitated. This is seen in 
ferromanganese nodules which show REF. patterns that arc the inverse of a typical 
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seawater pattern, i,c. they arc enriched in light relative to heavy REE and show .1 
positive Cc anomaly. This «* noi a universal feature of ferromanganese nodule*, 
however, for (he composition of chemical scdimcnis j|«» reflect* local redox 
condition* and iv strongly influenced by pwt «lcpmitiiMul change* (Fldcrficld and 
Greases. 1981). 


4.4 Normalized multi-clcnicnt diagrams or incompatible element 
diagrams (spider diagrams} 


Normalized multi element diagrams arc based upon a grouping of elements 
incncnpaiibk with respect to a typical mantle mineralogy They arc an cxtmsaoe of 
the more familiar chondrite-normalLred RKK diagram* in which other trace 
element* arc added to the traditional REE diagram ( hey arc a particularly uvcful 
wray of depicting basalt chemistry although their use ha* been extended to all 
igneous and some sedimentary rock*. Mantle value* or those of chondritic 
meteorite* arc used for normalization and they measure deviation* from a primitive 
composition The term* ‘mantle (or chnndritc^normali/cd multi element diagram' ■ 
or ‘incompatible element diagram’ do not roll ufT the tongue with ease and the more 
colloquial ‘spider diagram* (or Npidergram’ for an imlisiduaJ pattern) is used 
here. 


4.4.1 Multi-element diagrams for igneous rocks 

There arc three popular wavs of normalizing trace element data for presentation a* 
a spider diagram These include an estimated primitive mantle composition and 
chondritic meteorite* — two ‘views' ol the primitive undifferentiated earth Others 
normalize their data to primitive MORH. Each version of the spider diagram ha* a 
slightly different array of dements with a slightly different order. In detail there are 
innumerable variation* on each particular theme, usually dictated by the number of 
trace elements and the quality of (heir determination* in a particular data-set This 
stale of affair* i* not satisfactory and some standardization is desirable. First, 
however, we consider the present: 'state of the art’. 


Pnnanltal 
(primitive) 
mantle- 
mtnuhzeJ 
iptJer Jutrams 


The primitive mantle » the composition of the mantle before the continental crust 
formed. One of the most frequently used estimate* of its composition is that of 
Wood tt 4 /. (1979a), who employed it as a means of comparing compositional 
variation* between basic lavas. Nineteen element* arc arranged in order of 
increasing compatibility with respect to a small pereenusK mdt of the mantle The 
values are given in Table 4.7, column 1. Element concentrations are plotted on a 
logarithmic scale T u-urv fc23) and avenge N qp MOKB pbtl M | ii-'vcly 
smooth curve, depleted at the most incompatible end (Figure 4.2Jb) 
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There are a number of variations in the list of elements plotted. The most 
common alternative is a 13-element plot reflecting those elements whose 
concentrations are relatively high in basic igneous rocks and which are readily 
analysed by X-ray fluorescence. Normalizing values currently in use are given in 
Table 4.7, columns 1 to 5. Of these five sets of values, those of McDonough el at. 
(1992) (a slight revision of Sun and McDonough, 1989) — Table 4.7, column 4 — 
are becoming increasingly popular. 


Chondrite- Thompson (1982) proposed that normalization to chondritic values may be 
normalized preferable to the primordial mantle composition since chondritic values are directly 
spider diagrams measured rather than estimated. The order of elements (Figure 4.24) is slightly 
different from that of Wood et al. (1979a) and is to some extent arbitrary but was 
chosen to give the smoothest overall fit to data for Icelandic lavas and North 
Atlantic ocean-floor basalts; it approximates to one of increasing compatibility from 
left to right. As a rule of thumb, concentrations below about ten times chondrite 


Table 4.7 


Normalizing values (in ppm) used in rhe calculation of ‘spider diagrams’ and listed in their 
plotting order 


Primordial mantle 


Chondrite 


MORB normalization 


(Ret) 

(1) 

(2) 

(3) 

(4) 

(5) 


(6) 


(7) 


(8) 

(9) 


(10) 


no 

a 

0.019 

0.017 


0.023 

0.018 





a 

0,012 

0.188 





Rb 

0.860 

0.660 

0.810 

0.635 

0.550 

Ba 

6.900 

Rb 

1.880 

Pb 

0.120 

2.470 

Sr 

120 

Rb 

1.00 

Ba 

7.560 


6.900 

6.990 

5.100 

Rb 

0.350 

K 

850 

Rb 

0.350 

2.320 

K.O <%) 

0.15 

Ba 

12.00 

Th 

0.096 


0.094 

0.084 

0.064 

Th 

0.042 

Th 

0.040 

Ba 

3,800 

2.410 

Rb 

2.00 

k 2 o (%) 

0.15 

f 

0.027 


0.026 

0.021 

0,018 

K 

120 

Ta 

0.022 

Th 

O.0S0 

0.029 

Ba 

20.00 

Th 

0.20 

K 

252.0 

230.0 

260.(1 

240.0 

180 

Nb 

0.350 

Nb 

0.560 

U 

0.013 

0.008 

Th 

0.20 

Ta 

0.17 

T:i 

0.043 


0.040 

0.041 

0.040 

Ta 

0.020 

Ba 

3.600 

Ta 

0.020 

0.014 

Ta 

0.18 

Sr 

136 

Nb 

0.620 


0.900 

0.713 

0.560 

La 

0.329 

La 

0.328 

Nb 

0.350 

0,246 

Nb 

3.50 

La 

3.00 

La 

0.710 


0.630 

0.708 

0.551 

a* 

0.865 

Cc 

0.865 

K 

120 

545 

Cc 

10.00 

Cc 

10.00 

a- 

1.900 



1.833 

1.436 

St 

11.800 

Sr 

10.500 

La 

0.315 

0.237 

PA (%) 

0.12 

Nb 

2.50 

St 

23.000 


28.000 

21.100 

17.800 

Nd 

0.630 

Hf 

0.190 

Cc 

0.813 

0.612 

Zr 

90,00 

Nd 

8*00 

Nd 

1.290 



1.366 

1.067 

P 

46.000 

Zr 

9.000 

Sr 

1 L000 

7.260 

Hf 

2.40 

P,0 5 (%) 

0.12 

P 

90.400 

92.000 




Sm 

0.203 

P 

500 

Nd 

0.597 

0.467 

Sm 

3.30 

Hf 

2.50 

Hf 

0.350 


0.350 

0.309 

0.270 

Zr 

6.840 

Ti 

610 

P 

46.000 

1220 

TiO, (%) 

1.50 

Zr 

88.00 

Zr 

11.000 


11.000 

11,200 

8.300 

Hf 

0.200 

Sm 

0*203 

Sm 

0.192 

0.153 

Y 

30.00 

Lu 

L20 

Sm 

0*385 


0.380 

0.444 

0.347 

Ti 

620 

Y 

2.000 

Zr 

5.600 

3.870 

Yb 

3.40 

TiC 2 <%) 

1.50 

TI 

1200 

1300 

1300 

1280 

960 

Tb 

0.052 

Lu 

0.034 

Ti 

620 

445 

Sc 

40.00 

Tb 

0.71 

Tb 

0.099 



0,108 

0.087 

Y 

2.000 

Sc 

5.210 

Y 

2.000 

1.570 

Cr 

250.0 

Y 

35.00 

Y 

4.870 


4.600 

4.550 

3.400 

Tm 

0.034 

V 

49.000 






Yb 

3.50 

Pb 




0*071 


Yb 

0.220 

Mn 

1720 






Ni 

138 


Fe 265000 Cr 290 


Cr 2300 

Co 470 

Ni 9500 


(1) Wood tt al. (1979a); Ti from Wood si al (1981). 

(2) Sun (1980); Cs 0.017-0.008. 

(3) Jagoutz d al (1979). 

(4) McDonough a al (1992). 

(5) Taylor and McLennan (1985). 

(6) Thompson (1982); alternative value for Ba-3.85 (Hawkcsworih 


ti al y 1984); Rb,K,P from primitive mantle values of Sun (1980)* 

(7) Wood tt al (1979b). 

(8) Sun (1980): chondrite and undepleted mantle data. 

(9) Sun and McDonough (1989): Cl chondrite. 

(10) Pearce (1983); Sc and Cr from Pearce (1982). 

(11) Bevins tt al (1984). 
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Ha l! Mb Cr Nd Hf Sm Tb 



(a) 


(«*> 


Ftgure 4.23 Trace element concentratiuns normalized to the composition of the primordial mantle and 
plotted from left to right in order of incrca&ing compatibility in a snail fraction melt of the 
mantle. The normalizing \ alucs arc ihewc of McDonough et ,t). (1992) — Tabic 4.7, column 
■V (a) Upper and lower continental crust frum Weaver and Tamey (1984) — data in Table 
4,8; (b) Average N type MORB from Saunders and Tamey (1984) and DIB from Sut; > I'/SM) 
data in Table 4.8. 


Table 4.S Trace element data used in spider diagrams (Figures 4 2.1, 4 24, 4 26) 


Upper Lower Average MORB Oil! 

crust crust mist 


(Ref.) 

U) 

12) 

(3) 

(4) 

(5) 

Rb 

110.00 

11.00 

61,00 

1 00 

22 00 

Ba 

700.00 

757 tut 

707 00 

12.00 

380.00 

Th 

10,50 

0.42 

5.70 

0.20 

3 40 

U 

2.50 

0.05 

1.30 

0 10 

1.10 

K 

27393 

8301 

17430 

830 

9600 

Nb 

25.00 

5.00 

13 00 

2.50 

S3.CIO 

Ta 




0.16 

3.00 

La 

30.00 

22.00 

28.00 

3-00 

35.00 

Cc 

64.00 

44.00 

57.00 

10.00 

72.00 

Sr 

350.00 

569.00 

503.00 

136.00 

800 00 

NU 

26.00 

18.50 

23.1X1 

8.00 

35.00 

P 

742.22 

785.88 

829.54 

570.00 

2760.00 

nr 

5.80 

3.60 

4,70 

2.50 


Zr 

240.00 

202.00 

210.00 

88.1X1 

220.U0 

Sm 

4.50 

3.30 

4.10 

3.30' 

13.00 

Tt 

3597.00 

2997.50 

3597.00 

S-HMKIHi 

2(8)00.00 

Tb 

2.20 

0.43 

0.24 

0.71 


Y 

2200 

7.00 

14.00 

35.00 

30.00 

Tm 

0.33 

0.19 

0.24 



Yb 

2.20 

1,20 

1,53 




(1) Upper continental crusr ( Taylor and Mdxntun, 1981). 

(2) Lower continental crust (Weaver and Tamey, 1984) 

(3) Avenge continental crust (Weaver and Tarney, 1984). 

(4) Average N-lype MORB (Saunders and Tarney, 1984; Sun. 1980). 

(5) Aserage OIB (Sun, 1980). 











Normalized multi-ole moot diagrams 
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(a) (b) 


Figure 4 24 Tmt dement »m»mirralions, normalized tu the cumposiiitin uf chottdrirk incicorites and 
plotted from left to right in order of increasing oorapaiibilit. in i small fraction melt of the 
mantle. The normalising values arc thrive nl Thompson (1982) — Table 4.7. column 6. (a) 
Upper and lower continental crust from Weaver and Tamey (1984) — data in Table 4.N; (b) 
Avenge \ i\ pc MORB from Saunders and Tamey (19S4) and OIB from Sun (1980) — data 
in Table 4.8. 


approach the detection limit lor most techniques -ind so should be treated with 
caution (Thompson tl ni., 1983). Thompson ei at. (1983) point out that when 
basalts of varying MgO contents are compared on spider diagrams, there may be a 
very erratic set of patterns arising from the variable effects of fractional 
crystallization. I < avoid this confusion they suggest the recalculation of the 
normalized data to make (Yb)^ - 10.0, This slight oversimplification of the d.ira is 
justified because Yb values in lavas with the same MgO value van only by a factor 
of about two and the net result is a much clearer set of patterns. Normalization 
values are given in Table 4,7, columns 6 to 9, The mure obvious discrepancies 
between values in this list arise because some authors have used a mixture of 
chondriric and primordial mantle values. 

WORM- MORH-normali/ed spidergrams are most appropriate for evolved basalts, andesites 
mnnaliud and crustal rocks — rocks to which MORB rather than primitive mantle could be 
spider diagrams parental. This form of spider diagram was proposed by Pearce (1983) and is based 

upon two parameters (Figure 4.25). Firstly, ionic potential (ionic charge for the 
element, in its normal oxidation state, divided by ionic radius) is used as a measure 
of the mobility uf an element in aqueous lluids. Fitments with low (<3) and high 
(>12) ionic potentials are mohile and those with intermediate values are generally 










Uwaq ir*M data 


MB 


immobile. Secondly, the bulk distribution coefficient foe ihe element between 
fimd Ihcr/iJitc ind melt n used is a measure of ihe imixnpiitihilit) of an dement 
in small-degree pmul melts I he dement* ire ordered to that ihe mmt mobile 
element* (Sr. K. Kh and Bi) arc pined at the left of the diagram and in order •>' 
increasing incompatibility. The immobile dements are arranged from right to left m 
order of increasing incompatibility (Figures 4.25 and 4.26). A slightly ditnn t 
version of this diagram is used by Saunders and Tarncy (I'lJM), who arrange the 
dement* into a I.If..group (Rb. Bn, K. Th, Sr, I-», Cx), followed by an IIFS-cruup 
(Nb. T.». \tl, P. III. Zr. Ku. It. ITs, \. Yb), allowed by the transition me tab Si 
and Cr These authors proposed that data should be normalized to /r - tiHr m 
order to eliminate concentration differences arising from low pressure erysi.il 
fractionation 

The normalizing talucs used by Pearce (IVH.I) arc taken from the average 
MORI.I of Pearce ft a!. (IVKI) and arc given in Table *1.7, column 1(1 \ long* t list 
of dements arranged in ■ slightly different order is used by Ho ins <•/ at (I9K4) 



- ■ »o 

IwniMf IiKfrjvnj inoMBfuiubdtiy 


/ *r-v 4 ntfarogmctK oridiu sha- doniac «hc wicr <4 chWH «•» die Mt>Rlt nopnattni 
spider diagram of Fearer (I48J). The ionic potential (broken kne and nfkt4iod scale) is the 
raiK* of the atomic number to ionic radius and it a measure of the mob-! i* of an ek<* tn: in 
aqueous fluids (dements nth a km ionic potential (<1, ie above the dotted hncl are 
general!* nwbk in oarer w Keren those »iih a higher tome potentul are pixn.'l* inrwroMe. 
(Note that P has an ionic potential which plots off-scale ) The bulk partition coefficient foe 
an element between garret Ihrrrahtc and a small percentage melt n a measure of 
incompatibility (left-hand talc). The immobile dements arc plotted in rank order starting 
with the iiK-.i compatible dement (on the right). The mobile elements arc ordered in a 
simitar nay to that dement inenmparibihry increases Imm the edge to the centre of the 
diagram. 















Normalized multi-element diagrams 


1*7 




Figure Tttii’ dcmni .ntrarions normah/.cd hi the mm|>i>sitio# of average MORJi ami plotted 

as in Figure 4.25. Hie nctmuli/Jnit values arc thtfsc of Saunders .ind Tarney (1984) with 
additions iron) Sun (1990) — Table 4 7, column II. la) Upper and lower continental crust 
I -I i! Weaver and I'ainey (1984) — data in Table 4.8, (b) Average N-ijpc MORB from 
Saunders and Tamey | I9S4) and OIH from Sun (1980) — data in Table 4 

using values from Pearce ft til (1981) and Saunders ami Tarney (1984) (Table 4.7, 
column II). 


iVhicfi spuUr 
diagram da my 
US*? 


There is a pressing need for the standardization of multi-element diagrams. Current 
practice is chaotic, some authors not even quoting the source of their normalizing 
values. 'This has led to a situation where it is impossible to compare one spidergram 
with another. Rock (1987b) has argued for a set of standard nullti- element diagrams 
with a universal set of consistent normalizing values — not necessarily ‘perfect 
values’, but ones which arc universally accepted. The price of standardization :■ 
that some authors may have to sacrifice some elements of personal preference from 
their private version of a multi-element diagram. For igneous rocks two mulri- 
clcmcnt diagrams are sufficient: one to compare rock chemistry vviili a ‘mantle 
source' and another to compare rock chemistry with ‘tin. mu,', abundant volcanic 
rock’ — MORB. To mainrain consistency with REE plots and to avoid a measure 
i subjectivity implicit in models of the primordial mantle, the chondrite model is 
recommended and the elemem order and normalizing values of Thompson (1982) 
(Table 4,7, column 6} shuuld be adapted. These values utilize the Kl-.E data of 
Nakamura (1974) and thus provide some consistency with REE plots. A condensed 
version of die diagram is permissible if the lull range of trace elements have not 
been determined, although the reader should be aware of the possibility of induced 
anomalies resulting from missing elements. The standard diagram and normalizing 
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values for the MORH source should be those of Pearce (1983) (Table 4.7. column 
10X since this is the must widely used atid the most objectively based (Rock, 
!987b). 

Multi-element diagrams contain a more heterogeneous miv of trace elements than 
do RF.K diagrams. Consequently they often show a greater number of peaks and 
troughs reflecting the different behaviour of different groups of truce elements For 
example, contrast the behaviour of the more mobile LIL elements (C s, Rb, K. lb. 
Si I,tv with the :css mobile 1 IFS elements (V, Hf, Zr, Ti, Nb, l ») On the one 
hand the Ml. element con cent nn ions may be a function of the behaviour of a fluid 
phase, whilst the 1 IFS element concentrations are controlled h : •. nt.nv.stry of 

the source and the crystal/melt processes which have taken place during rhe 
evolution of the rock- Partition coefficients for the 11FS elements in the major ruck 
forming minerals in a range of melt compositions are summarized in Tables, l.l n> 

4.3. 

Of the less mobile elements mincralogical controls on the distribution of the 
REE have already been discussed. Other elements are often strongly controlled by 
individual minerals. For example, 7.r concentrations may be controlled by zircon, P 
by apatite, Sr by plagioclase, Ti, Nb and Tu by ifmenitc, rutile or sphcnc. Negative 
Nb anomalies are also characteristic of the continental crust and may be an indicator 
of crustal involvement in magma processes. 

More mobile Ml. element concentrations may be controlled by aqueous fluids 
hur these elements are concentrated in the continental crust and can also be used as 
an indicator of crustal contamination of magmas. 

4.4.2 Multi-element diagrams for sediments 

The processes control I my the trace element composition of sedimentary rocks may 
be investigated using normalization diagrams similar to those for spidergrams 
discussed above, although they arc not as widely used as their equivalents in 
ieru im pi . 11 ■!(:.■•.. Different normalization vail (l « c Cfl played fcr d ffiSftOl I) W 
of sediment, eadi representing average Phanerozoic values tor the particular 
sediment (see Table 4.9). The most commonly used normalizing values arc those 
for average shale such as average posr-Archaean shale and the North American shale 
composite (NASC). representing "average crustal material*, although average upper 
continental crust is also used. Wronkicwicz and Condic (1987), in a study of 
Archaean shales, plot 15 elements representing the ML. 1IFS and transition metals, 
normalized tu NASC. In clays which contain a variable amount nf carbonate 
material, samples are belter normalized against the must clay-rich, carbonate-fret, 
sample in the suite in order to emphasize the difference in trace element < Inntistry 
between the clay and carbonate rich components (Norman and De Deckkcr. 1990) 
ill! avenge trace dementcoooeatntiai m; .’luitcnwdc y w n i is givenbj 
Baryta and Condic (199(1) for 18 elements; these values mav be used in qu.iflzite 
normalization (Tahlc 4.9). Trace elements in marbles and calc-silicate rocks were 
normalized to average Phanerozoic limestone (Condic cl af., 1991) I he not nwli/ing 
values are listed in Table 4.9. To minimize the effect of varying amounts of 
carbonate, Condic <7 uL (1991) also normalized their elemental concentrations to 
A 1,0;. 


htttrprehttg 

muht-ciemeHi 

diagrams t><r 
igneous rath 


7'Me 4.9 


Normalizing value* fur multi-clement diagrams for scdimcntarv rod;* (value* in ppm* 


<K*t) 

NA.SC 

(0 

Average 
upper crust 

<21 

Average 

Fluncnmuk 

limestone 

(3) 

A v triage 

Phuvera/.nic 
quartz .irenile 
<4} 

Na 

7479 

28200 



ai 

89471 

84700 

5294 

2647 

K 

31S46 

27-44N1 



Ca 

24303 

25000 



Sc 

14.90 

10.00 


1.00 

Ti 

4676 

3600 

1199 

1499 

V 


60.00 


1000 

Cr 

124.50 

35.00 

15.410 

30,00 

Mo 

4646 

600 

651 


Fc 

39565 

35000 

3777 

3777 

Co 

25 70 

10.00 


1.50 

Ni 

58.00 

20.00 

15.00 

5.00 

As 

28.40 




Br 

0.69 




Rb 

125 00 

110.00 

2U.IKJ 


Sr 

142.00 

350.00 

400.00 

40.00 

V 


22,00 

5.00 

5.00 

Zr 

200.00 

240.00 

20 00 

200.00 

Nh 


25,00 

1.50 

20.00 

Sb 

2.09 




Cs 

51ft 

3.70 



Ba 

63600 

700,00 

85.00 

350,00 

La 

31.10 

30.00 

5.00 

4.00 

Cc 

66.70 

64.00 

10.00 


Nd 

27 40 

26.00 



Sm 

5,59 

4.50 



Eu 

1.18 

0.88 

0.20 


Tb 

0.85 

0.64 



Yb 

5.06 

2 20 


0.50 

Lu 

0.46 

0.32 



ur 

6.30 

5.80 


3 50 

Ta 

1.12 



2.00 

W 

2.10 




Pb 


15 00 

7,00 


Th 

12.30 

10.50 


3 00 

U 

2.66 

250 




(1) Grumct W at. <1984}. 

(2) Taylor and Mclennan (1981), 

(3) Condic et ai. < )99I).. 

(4) Baryta and Condic (1990). 


Interpreting 
mufti-element 
diagram for 
sedtmenls 


Cullers (1988) showed that the silt fraction of a sediment most closely reflects the 
provenance of the sediment The feldspars and sphenc control concerttrarions of 13a, 
Na, Rb and Cs; feiromagnesisn minerals contra] the concentrations of Ta, Fc, Co, 
Sc and Cr; Hf is controlled by zircon; and (he REE and Th are controlled by 
sphene. The ratios Tai/Sc, Th/Sc, Ij/Co, Th/C2o, Eu/Sm and La/Lu arc also 
good indicators of provenance. 

The effects of the extent of weathering and its influence on sediment 
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composition were assessed by Wrankiewicz and C'xmdic (1987) using the alkali and 
alkaline earth element content of sediments. They showed that large car inns <(X Kb 
and Ba) arc fixed in a weathering profile whilst smaller cations (Na, Ca and Sr) arc 
more •...nil'', leached, I i ft.i> I scaring rocks with a carbonate content, the ekmefM 
Mn, Pb and Sr are chiefly contained in the carbonate component and anomalous 
values, of these elements may provide a signal for the presence of carbonate. 


4.5 Platinum metal group element (PGE) plots 


The platinum groups elements (PGEs) consist of Ru, Rh, Pd, Os, Ir and Pt (Table 
4.10). The noble metal Au and the base metals Cu and Ni arc often included on 
PGE plots. The PGEs can be divided on the basis ol their associations inn two 
sub-groups — the Ir-group (FPGEs — Os, Ir and Ru) and the Pd-group (PPGEs 
Rh, Pt and Pd), Gold is often associated with the latter group 
The platinum grouj (Aments are very strongly fractionated into a sulphide 
phase and arc useful as a measure of sulphur saturation in a melt. The)' arc also 
potentially useful as an indicator ot partial melting in the mantle, although at 
present the appropriate partition coefficients arc not sufficiently well known. PGE.S 
occur at tin* ppb level (I parr in 10 9 ) in basic and ullrabasic igneous rinks but may 
be concentrated in coexisting chromitites and sulphides. I be IPGF.s .in otien 
associated with chromite as alloys or sulphides in dunites whilst the PPGEs and Au 
are often associated w ith the sulphides of Fc, Ni and Cu and are found in norites, 
gahbros and dunites (Barnes et al., 1985). 


'Hie platinum group elements (PGEs)" 


Element 

Swnhul 

• 

no- 

Charge 

Ionic radius* 

(A) 

Melting 

point 

m 

Ruthenium 

Ru 

44 

2+ 

0.74 

2310 




3+ 

0.68 





4+ 

0 62 


Rhodium 

Rh 

45 

2+ 

0.72 

1966 




3+ 

1166 





44 

0.60 


Palladium 

Pd 

46 

24 

0.86 

1552 




34 

0.76 





44 

0.615 


Osmium 

Os 

76 

24 

0.74 

3045 




4+ 

0.63 


Iridium 

Ir 

77 

24 

0,74 

2410 




34 

0.68 


Platinum 

Pt 

78 

2+ 

0,80 

1722 




4 + 

0.625 



• From compilation of Barnes rt *!. I1985) 
f After Shannon (1976) (lA = r | 0 m). 
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PGE concentrations arc normally determined In instrumental neutron activation 
although the sensitivity of the method decreases in thi order Jr> \u> Rh» Pd> 
Pt> Os> Ru. In rocks such as ocean lloor basalts PGE concentrations arc so low 
' .ir some elements arc bekm the limit of detection. In this ease analysis may be 
limited to the elements \ii, Pti and Ir. 


4.5 1 Presenting PGE data 


The platinum group elements may be presented in the same way as arc the REE 
and incompatible elements and normalized to cither chondriu- nun-uni. ■ m r,. !i 
primitive mantle. 

ChmJriie NaMrett rt at. (1979) showed that if PGE and Au concentrations are chondritc 
normalization normalized and plotted in order of decreasing melting point (see Table 4,10) they 
define smooth curves rather like REF. patterns (Figure 4.27) Normalizing values 
currently in use arc given in Table 4,11, columns I to The analogy with the REE 
is not close, however, because the PGI.s are not ordered from light to heavy in 
keeping with their order in the periodic table. Further, the two groups of PGKs, the 
Ir-group and rhe Pd-group, behave differently; the Ir group tend to be compatible 
during mantle melting whereas the Pd-group are incompatible. In rocks with very- 
low concentrations of PGFs only \u, Pd and Ir may Ik measurable. This allows the 
slope ut the ehoml rite-normalized PGE pattern to be determined from the Ir/Pd 
ratio, although of course the detail of the pattern is unknown -\u is not used in this 
instance because it is much more mobile than Pd ami is not a reliable indicatur of 
the PGE slope 

l sing the terminology developed for REE patterns, depletion and enrichment 


7‘itWz •/.// Normalizing values for PCJEv, noble metals and associated transuiun metals (in ppb) 


<*ct.) 

CJw>ntln?c values 

Primitive mantle 

Fertile 

mantle 

(6) 

Arductn 

mantle 

O) 

in 

<D 

<3) 

(■*) 

<5> 


Ni 




2110000 

2110000 




Cu 




28000 

28000 

280IMI 



Os 

510 

514 

700 

3.3 

(4.0-56) 



IPGE* 

Ir 

510 

54H 

500 

3.6 

3,5 

4 

34 


Ru 


69U 

1000 

4.3 





Rh 


200 






PPG Fat 

Pi 

106(1 

1020 

1500 


(7.0) 

n 

I 

7,5 


Pd 

510 

>45 

1200 

4.0 


4 

5 


Au 

Ihfl 

152 

170 

1.0 

0.5 

1 

0 75-1.5 


Re 

35 




0.1 




(1) Sun (1982): til chondrites 

(2) Compilation of Naldrctt and Duke (19NU1. (II chondrites. 

(3) Cochvrie ft at. (1989) 

(4) Compilation of Itrugmann ft at. (1987): primitive mantle 

(5) Japoutz ft at. (1979): avirr.i.x of *i* primitive mantle nodules. 

(6) Compilation of Sun et at. (1991): fertile mantle. 

(7) Sun (1982): Archaean mantle hosed upon komatmes. 
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0.01 



I I _l_i_I_I_I_ 

0> Ir Ru ~ Rh Pd Pt 

Ir-){?i>up Pd-group 

Order of ikcrcjiini; niching point 


Fifure 4.27 Chondnte-normalized plaumim grwp dement plot The data arc for ionutittc-nusshe 

sulphide ores fruiti Alexn Mine, lujrthcn Ontario (from Hanies and \aldrcn, 19Sft) The 
chondntc-normalizirg values are given in Table 4 11. column 2 and are Taken from Valdrerr 
and Duke (1**80) 


relative to the chondritc-nonnalizcd curve may he described as anomalous, although 
in this case there is no <i prion reason uhv these variations do constitute anomalies 
This is illustrated in the ultranufic and basaltic rocks described by Barnes et al. 
(1985) which show positive Pd anomalies :imf negative Pt and Au anomalies. 

Primitive mantle Brugmann ft al (1987) present a primitive mantle-normalized PGE (Pd, Ru, Os. lr) 
normalization \u - Cu - N*i plot (Figure 4,28), The dements are broadly arranges! in order ot 
increasing compatibility in the primitive mantle from left to right across the 
diagram. Primitive mantle values arc listed in Table 4.11. \lso shown are estimated 
values for the Archaean mantle (Sun, 1982) and the fertile mantle (Sun, et at., 1991) 
to illustrate the observation of Brugmann ft al, (1987) that the estimated 
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l 

o- 


y 


S 

'E 

a. 

•v 


- 

tr. 



ftgvrr -i.2S Primitive upper mantle-normali/cd plannum croup dement (plus \i. Cu and Au) plot (alter 
Brugimnn ft a/,, 1997 ). 11 k data arc for Gorgoru Island komatiitcs from Bruy maim ft a/. 
(I9S7) The nortnaliung values arc- also taken Irom the compilation of Hrugmann ft al. ( 1%7) 
and arc given in Table 4.11, column 4. 

concentrations of PGIis in the upper mantle have ma changed since the late 
Archaean There is some debate over the significance of th« mantle concentrations 
of PGEs. They range between 0.005 and 0.01 times chondritc, indicating that the 
mantle may never have had chnndritic abundances or’ PGI'.s Garnet and spinel 
Iheneolitc xenolilhs. on the otlv.r hand, show flat chondritic PGE patterns, 
indicating that the mantle does at least have chondritic PGE iW(M. 


4.5.2 Interpreting PGE patterns 

The fractionation of the PGEs is principally governed by their partitioning between 
solid and melt phases. Unfortunately, partition coefficient data are not available for 
many minerals for the PGEs. One dominant control is that ot a sulphide liquid, for 
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whilst sulphide meti/silicate melt partiiinn coefficients arc not well known 
experimentally, they are thought to be very large Campbell et ni. (1983) suggest 
that Kd values for Pt and Pd between a sulphide un it and a silicate melt may be as 
high as 160 000 and 120 000 respectively. Humes ft ni (1985) state that sulphide/ 
silicate melt KJ values for the PGI£s are in the order Os> Ir> Ru> Rh> Pt> Pd. 
Thus PCiE fractionation may be used as a measure of the level of sulphur-sat urarton 
of melt. The extreme fractionation of sulphur umlcrsaitirated basaltic melts mav be 
due to the compatibility of the IPtiEs iit olivine (Brugirunn rt ni.. 19H7). indicating 
that they arc retained in mantle melting or during fractional crystallization. Humes 
et al. (1985) investigated the extent tit which PGK patterns may be modified by 
alteration and concluded that, whilst Pt and Au may be mobilized, this is not the 
dominant process. 


4.6 Transition metal plots 


The elements of the first transition series (Sc, Ti, V, Cr, \ln, f*c, Co, Mi, Cu and 
Zn) vary in valence state and in geochemical behaviour. Quadrivalent Ti is i high 
field strength, incompatible dement whilst divalent Mn, Car, Ni, Cu and Zn and 
trivalcnr \ and Cr are compatible dements (sec Figures 4.1 and 4.2). Transition 
dement plots have been mainly used with hasatis as a means of exploring the 
geochemical behaviour of the first transition series. 'ITiere is no geochemical reason 


Tubff -f 12 Normalizing values used fur traasition metals (ppm) 


Oiondriic concentrations Primitive mantle concentrations 


(Ref.) 

(0 

(2) 

O) 

(4) 

(5) 

(6) 

(7) 

(ft) 

(9) 

(10) 

Sc 

5.8 




5.21 




17 

17 

Ti 

410 

720 

4+U 

660 

610 

1300 

1300 

1230 


1300 

V 

49 

94 

42 

50 

49 

82 

87 

59 

97 

77 

Cr 

2300 

3460 

24.30 

2700 

2300 

3140 

3000 

1020 


11+0 

Mn 

1720 

2590 

1700 

2300 

1720 

1010 

1100 

1000 


mio 

Fe 


219000 

171000 

250700 

265000 

61000 

65000 

67000 


60800 

Co 

475 

550 

480 

800 

470 

no 

no 

105 


IQS 

Ni 

9500 

12100 

9900 

13400 

9500 

2110 

Mon 

2400 


2110 

Cu 

115 

140 

110 

100 


28 

30 

26 


28 

Zn 

350 

460 

300 

50 


50 

56 

53 


50 


(1) lamgmmr et ai. (1977). 

(2) Kay and Hubbard (1978) from Ma.«m (1971): chondrites, with Cu and Zn from carbonaceous chondritc. 
(.4) Sun (1982): Cl chondrites. 

(4) Bougault et at. (1980) 

(5) Wood tt at. (1979b). 

(6) Sun (1982) primitive tnanilc (nodules). 

(7) Sun (1982): primitive manrfc (partial melting model). 

(8) Kay and Hubbard (1978): model mantle. 

(9) Sun and Nesbitt (1977): Archaean mantle. 

(10) Jagowz et ai. (1979): avenge of sis primitive uiuuntafic nodules. 
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Figure 4.2V Transition metal concentrations in MORB (from latngniutr rf a]., 107?) normalized to 
cbondritk values The normalizing values are taken from I-angmuir ft ut. ( 1977 ) with ihc 
exception of Fc, which was taken from \\rxod el <t(. (147%) — Table 4 12 

for than behaving as a coherent group nor is there any reason win they should 
have been present in the primitive earth in cbondritic conceniraTions. 

Mid-ocean ridge basalts from the Famous area of the Atlantic show consistent 
trends on chondrire-itonnaliaed plots (Table 4.12, Figure 4.29}. They show 
progressive depletion from Ti to Ni, and have a positive Ti anomaly and a negative 
Cr anomaly. Cu and Zn arc omitted because they are more variable and their 
concentrations may noi reflect the original igneous values (I-angimiir <7 al., 1977). 
An alternative normalization scheme is to use estimated primitive mantle 
concentrations, (Figure 4.31!i. J lu-t values .ue given in Table 4.12, columns 6 
to 10. 

In summary, the elements Cu and Zn may be quite mobile during 
mciamorphism and alteration and concentrations may diverge from expected 
smooth patterns. Anomalies in \i anti Cr concentrations may reflect the role of 
olivine (Nj) and clinopyroxene or spinel (Cr), Ni and Cu can also be concentrated 
into siilpl-nil- melts. Ti anomalies indicate the role of Fe-Ti oxides. 
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Figure 4.30 


4.7 


4.7.1 



Transition nu-ta! concentration* in MORB (from (.angmuir el <ti., 1977) normalized 
primitive mantle sal net The normalizing values are taken from Sun {1982) — Tabic 4.12, 
column h 


Bivariate trace element plots 


So far in this chapter we have concentrated un the display of trace element data oil 
multi-element plots. This approach has the advantage of utilizing a large number <it 
dements and allowing broad conclusions to be drawn on their geochemical 
behaviour. Multi-element plots have one particular disadvantage, however, for only 
a few samples can be shown on a single diagram before it becomes becomes 
cluttered and confused. Thus the simple bivariate plot is superior to a multivariate 
plot when a large number of samples arc plotted and in particular when 
geochemical trends arc sought. Variation diagrams arc discussed in detail in Section 
3.3 and many of the principles outlined there and applied to major elements arc 
equally valid for trace dement plots. 

t he selection of trace elements in igneous rocks for plotting on 
bivariate graphs 

Many igneous rocks have had a complex history of solid-liquid equilibria in their 
journey from the source region to their site of emplacement. In addition they may 
also have interacted with fluids during or after their solidification. The tasJc for the 
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igneous geochemist, therefore, is to work out which trace elements arc indicative of 
which processes in this complex history. The clues come from i knowledge of 
mincral/melt (and the lesser known mincr.il/fluiij) partition coefficients and the 
physical laws which govern the concentrations of trace elements in igneous rucks. 
Most fruitful ate trace elements which show extreme behaviour, such as the highly 
incompatible and the highly compatible elements, Further clues may come from the 
inspection of multi-element plots, for this allows the identification of element pairs 
or ratios which can be used in trace element modelling and in subdividing rucks 
into similar suites. 

Incompatible Incompatible dement concentrations arc particularly sensitive (o partial melting 

element plots processes (sec for example Figures 4,11a and 4.12a). The more highh incompatible 
an element is, the more sensitive it is to degrees of partial melting. This is true for 
both batch melting and fractional melting but is most extreme in fr.u tional melting. 
Incompatible dement concentrations also vary during fractional crystal I i/a lion, 
although the effect is most strongly marked in \FC processes 

(a) Identification of igneous source charmlemtict from incompatible element plots The 
ratio of a pair of highly incompatible elements whose bulk partition coefficients arc 
very similar will not vary in the course of fractional crystallization and will vary 
little during batch partial melting 1'hus the slope of a correlation line on a bivariate 
plot of two such highly incompatible elements gives the ratio of the concentration of 
the dements in the source In the case of mantle melting, the following groups of 
elements have almost identical bulk partition coefficients during mantle melting: 
Cv Rb Ba, l Nb T.i K, Cc-Pb, Pr-Sr, P-Nd, Zr-llt Sm, fc u T i, Ho-V. 
Bivariate plots of element pairs taken from within these groups can he expected to 
show to a first approximation the ratio of the elements in the source (Sun and 
McDonough, 1989). In addition the elemental pairs Y-Tb, La-To, I j-Nb, Ta-Th, 
Ti-Zr and Ti-Y are also often assumed to have very similar bulk partition 
coefficients and arc used in a similar way, Any variation in the ratio reflects 
heterogeneity in the source *H<n, smlr el at , 1980) resulting from source mixing or 
coniaminarion. 

This approach has been very fruitful in some areas of igneous petrology but is 
not universally applicable. Firstly, the relationship docs not hold for very small 
degrees of melting for there is divergence between the enrichment paths of highly 
inaimp.itihie and moderately incompatible trace elements — see Figures 4-12(a) 
and (c). If a smalt degree of melting is suspected it may be recognized from the 
approximation C'j/Q) - 1 IF derived from the hatch melting equation for the ease 
when D is very small (Section 4.2.2), Secondly, this method is difiiculr to apply to 
granitic rocks. This is because few trace elements are highly incompatible in 
granitic melts, chiefly because of the large number of possible minor phases 
incorporating many of the trace elements traditionally regarded as incompatible. 
The source region of granitic rocks i> more easily characterized by the study of 
radiogenic isotopes (see Chapter 6). 

lb) Identification of igneous source characteristics from incompatible element ratio ratio 
plats Ratio ratio plots of highly incompatible dements minimize the effects of 
fractionation and allow us to examine the character of the mantle .source. Different 
mantle sources plot on different eon-elation lines (Figure 4.31). This approach was 
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/ $(m*t 4J / Doiruit ratio plot of Ili/Ta w Th/l’b I a botht Irotn the Xnl So Rdt (diu from I *v»en 

rt W, IMA). TV thw trrwk shjwirj (Th/’Tk^lTh/Ti) titm of »pf«nww(h 0 25.0 5 

j<v! i>> j.*e tS**#fSt ;.} iridKicc Osttc Ar:c;fH w/wrio 

used by SjumJcrv el ol (19$$) who u>cd the highly iiKcmpitibk elements Th,U, 
PS, K. Kj. (jt ji’.J Nb and the element pair* I h-Cc, K <>, L PS and Ki Cc each 
rat iced to \K, in order to cvplorc the rati>-* Th/(V. K/Cc tnd t/Pb in MORB. 
Where the three dements hate identical bull par lion coefficient* the ratio will not 
change during partial melting or fractional crystallization Ratio ratio plots do hove 
Mime inherm r problems and the reader should cake note of possible spurious 
correlations arising from the common denominator effect discussed in Section 2,5. 

({) Calculation of partition coefficient! from reciprocal an:etntrumn trace element 
plot: Minster and Allegro (1978) showed that, from a iwnfkgement of tin lun b 
melting equation. a bivariate plot of the rmpioali of incompatible elements can be 
used to obtain information about partitiun iorUicicnit during melting I’rotnW the 
mass frx tionv of the minerals in the melt remain constant. a linear trend on such a 
diagram characterises the batch mclttng process Further, the slope and intercept of 
the trend can provide information about the difference in baft faiAita o o tflkaw t 
between the two elements If the samples an f.rst normalized to the most enriched 
sample, elements with the urx bull partition coefficient will have a slope of I and 
an intercept of aero. If the bull partition coefficients for the two elements change at 
different rates during melting then a curvilinear trend will be produced (Bender ei 
* 1 . IW) 

CompattkU Oxnpitibk trace element concetirranom change dramadodlv in an igneous liquid 
element pUn during fractional crystallization (Figure 4,13), Thus bivariate plots of compatible 
elements, plotted against an index of fractionation (e g. mg number) can be used to 
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i cm for fractional crystallization The effect is not so marked in in situ crystallization 
except when a Large melt fraction b returned to the magma chamber (Figure 4 I4J). 
In AFC piouslien the rate of assimilation is high and the trace clement 
concentration in the wallroek is less than in the melt, compatible elements arc 
strongly depleted (Figure 4.1 fa and b) 

Dunne partial melting, however, highly compatible elements are buffered by the 
solid phase with respect to solid-melt equilibria during partial nulling (Figures 
-LI lb, 4.12d) This means that their concentration in the source, even if it has 
undergone some partiui melting, is largely unchanged. 


4.7.2 Bivariate plots in sedimentary rocks 

Bivariate trace element plots in sedimentary rocks are mostly used to detect mixing 
processes in sediments. Norman and De Deckker (1990) suggest that linear 
correlations amongst a diverse group of elements over a broad range of 
concentrations may be taken as indicative of mixing of two sedimentary 
components. Con die and Wronkicwicz (1990) and McLennan and Taylor (1991) 
have exploited the geochemical deferences between elements such as Th and La 
(indicative of a frisk igneous source) and Sc and Cr (indicative of a malic source) 
and have used plots such as Th/Sc vs Sc and Cr/Th vs Sc/Th as indicators of 
contrasting fclsic and malic provenance. Floyd et af. (1989) quantified such mixing 
processes with the general mixing equation of Langmuir et af, (1978) — see Section 
4.9.3. 


4.8 Enrichment-depletion diagrams 


Knrichmcnt depletion diagrams arc a convenient way of showing relative 
enrichment and depletion in trace (and major) dements. They can be useful, for 
example, in demonsirating the extent of elemental enrichment and depletion in an 
igneous suite by comparing the chemistries of early and late members of a series. 
Hildreth (1981) compares the relative concentrations of the early and late members 
of the Bishop’s tuff (Figure 4.32). The x-axis of the graph shows the elements 
arranged by atomic number and they-axis the concentration of an dement in the 
latest erupted ejecta ratioed to that for the earliest erupted ejecta. Alternatively the 
values on the jf-axis may be recorded on a logarithmic scale. 

Knrichmcnr-dcplction diagrams are also useful as -i way of displaying element 
mobility; this has been used particularly in alteration zones associated with 
hydrothermal mineralization. For example, Taylor and F’rvtr (1980) show the 
relative mobilities of trace and major elements in the zones of porassic and 
propylitic alteration associated with a porphyry copper deposit. In this case the 
cnrichmcnl/dcpiction is measured relative to the unaltered country rock. 
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Ftfttrc 4J2 Kurichment-depliunn diagram showing live enrichment factors for selected major and trace 
elements from the Bishop's tulT. arranged in or<kr of increasing atomic number. The 
diagram compares the relative concentrations of the early and late members ol the Bishop's 
tLitf ,mrl is thought to Ik a measure of the umition of the magma chamber. Data from 
Hildreth (1981). 

4.9 Modelling trace element processes in Igneous rocks 


One of the must important uses of trace elements in modem igneous petrology is in 
the modelling ot geochemical processes. Trace element modelling depends upon the 
mathematical expressions which describe the equilibrium partitioning ot trace 
elements between minerals and melt during igneous processes {Section 4.2,2) and ;i 
precise knowledge of trace element partition coefficients (see Tables 4.1 to 4.3). For 
successful geochemical modelling, throe conditions should be fulfilled. Firstly, trace 
element concentrations must be determined with greJt accuracy, otherwise it is 
impossible to discriminate between competing hypotheses (Arth, 1976). Secondly, 
partition coefficients must be known accurately for the conditions under which the 
process is being modelled and. thirdly, the starting composition must be known 
I bis latter condition is not always fulfilled; and sometimes a reasonable assumption 
of die starting composition must be made which is later refined as the model is 
developed, 

Calculated compositions are plotted on a bivariate graph and compared with an 
observed trend of rock compositions, or plotted on a multivariate diagram such as 
an REE diagram and the calculated composition compared with a measured 
composition, Below we describe these two modes of presentation in some detail, 
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4.9,1 Vector diagrams 

Changes in trace element concentrations may he modelled on a bivariate plot using 
vectors to show the amount and direction of change which will take place as a 
consequence of a particular priM.es> Mineral vectors show the trend of a 
fractionating mineral phase or mineral assemblage. These are illustrated in Figure 
4..>3 ('or the fractionation of plagiodase, clinopyroxcnc, orthopyrovene, hornblende, 
biota!* and orth"' K Mom i granitic melt. Partial melting vectors arc used to 
show changing melt and source compositions during the partial melting of a given 
source composition and mineralogy. The effects of different melting models, source 



Figure 4.33 Mineral vector diagram showing fractional crystallization trends in a granitic source 
containing 200 ppm Sr and 100 ppm Ba Fracdonanon trends arc shown for 10, 30, 50 and 
70''Si fractional crystallization of the minerals clitiopyroxene (Cpx), orthopyroxciK (Opx), 
hnrnblcnde (Hblfi bi cxitc (Hi), orthoctase (Kspur) and plugioctasc (Plag). The direction of the 
lines shows the compositional i the residual liquid when the specified phase is 

progressively removed during fractional cnstalliration. 'live partition coefficients for Ba and 
Sr arc taken from Table 4.3 and the vectors calculated from the Rayleigh fractionation 
equation (Kepi |4 IS|), Details of the calculation are given in Table 4,1.V The logarithmic 
scale is used to produce a straight-line trend. 
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Tabte 4.13 Data used in the calculation of mineral \cctors shown in Figure 4.33 
Parntitm ntfliarnn for rhyohiu tufutJs (fnm TabU 4.3) 



Opx 

Cpx 

Hbl 

Hi 

Pbg 

Kxp 

Ba 

0.003 

0 131 

0 044 

6.360 

0.360 

6.120 

Sr 

0.009 

0.516 

0.022 

0 120 

2.H40 

3.870 


lmii.it tvmpvHHttn 


\h 

100 






St 

200 






Calculated ccmp&siUiWT ffmn Fqn 

HI Sf) 






Opx 

Cpx 

Hbl 

Hi 

Plag 

lisp 

10% fractional crvsullizaiiofi 






Ha 

HU 

109.6 

110.6 

569 

107.0 

>8.3 

Sr 

222.0 

210.5 

221.7 

219.4 

1648 

147.8 

30% fractional crystallization 






Ha 

142.7 

136.3 

140.6 

14.8 

125.6 

16.1 

Sr 

284.8 

237.7 

283.5 

273.7 

103.8 

7! 9 

50% fracrjnml cryfialliaatKin 






Ba 

199.6 

1X2.6 

194.0 

2.4 

155 8 

29 

Sr 

397.5 

279.7 

393 9 

368.1 

559 

27.4 

70 % fractional crystallization 






Ba 

332 l 

2X4.7 

316,1 

0,2 

216 1 

0.2 

Sr 

659.5 

358.2 

649.2 

577.0 

21.8 

6.3 


compositions and miners Jo pies may a!) Joe explored in this way. Figure 4.34. for 
example, illustrates the differing melting paths during fractional and batch melting 
and the different degrees of enrichment caused by the two processes- Whilst vector 
diagrams select only two out of a vast array of possible elements, they have the 
advantage of being able to display daU from a Urge number of samples. This means 
that it is possible to view trends in the data. Hence both mineral and partial melting 
vectors arc compared with observed trends on bivariate plots in order to test the 
validity of a particular model. 


4.9.2 Modelling on multivariate diagrams 

Multivariate diagrams such as REE plots and spider diagrams are also used in 
pctrogenctic modelling, although by their nature they arc unable to show more than 
a few samples clearly on a single diagram, In this case the same operation is 
performed on each dement in the plot and the resultant data array is compared 
with a measured rock composition. The process is illustrated in Figures 4.35 and 
4.36 which show respectively the effect of olivine fractionation on a komatiitc liquid 
and the partial melting of a primitive mantle source. Repetitive calculations such as 
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Figure 4,J4 Vector diagram showing the change in nonnaliaed (Ce/Sm) vs Cc adUceniTarums during the 
partial mchtng of i primitive mimic source with the mineralogy: olivine 55 %, 
orthopyroxcnc 25%, dinopyroxene 11% and gamer 9%, The initial normalized 
concentrations of" Cc ami Sm in the primitive mantle were taken as 2.12 and 2.19 
rcspeaivcls The vector for modal hatch melting between 0.1% and 20% melting via* 
calculated from Kqn (4.1ft). The vector for single melt increments formed during modal 
fractional inching between 0.1 and 5 % melting wav calculated from tqn [4.11J. The 
partition coefficient* were taken fnnn Table 4.1. Details of the calculation arc given in Table 
4.14 and the same data are also illustrated tn Figure 4.36. 


TaHt 4J4 Data used in the calculation of partial melting vector diagram (Figure 4.54) and REE 
diagrairi (Figure 4.56) 


Primitive marrie composition Jluwdtic k*i values from Table 4.1 Weighted nncjn id 

bull partition 
cucfif 



Cuncn 

tppm) 

Nakamura 

value* 

Normalised 

values 

Ol 

Op* 

Cp* 

Gt 

(()l 55 %, Opt 25%, 
Cp\ 11 %» Gt 9 %) 

u 

0.70fl 

0.329 

2.15 

0007 

0.020 

D.OSfc 

0.001 

0.015 

Cc 

1.831 

C$65 

2.12 

0006 

0,020 

11.092 

0,007 

0,01V 

Nd 

1 166 

0630 

2.17 

0006 

0.000 

1)230 

0.026 

0.038 

Sm 

0.444 

0.203 

2 19 

0007 

0,050 

11445 

0.102 

0.074 

F.u 

0.168 

0.077 

2. IS 

0.007 

0,000 

1474 

0-243 

0.001 

Gd 

0J95 

0.276 

2.16 

0010 

0.000 

0,556 

0680 

0.150 

Dy 

0.737 

0.343 

2.15 

0.015 

n. iso 

0582 

1 H-1 

0.283 

Er 

0.479 

0.225 

M3 

0.026 

0.250 

0.SS3 

4.700 

0.55V 

Vb 

(K4HI 

0220 

2.19 

0.049 

0.540 

0.542 

6.167 

0.727 

Lu 

0.074 

0.034 

2.17 

(1045 

n.420 

1)506 

4950 

0.81! 


(ComfunWi/) 
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Table -f.N [CvitliwueJ) 



Assumed mantle composition 
(rmnnaliml) 

Batch eiuikUI jurrtal melting — 

Eqn |4,10| 



Scum 

Calculated bulk partition 
eneff. for mineral 
assemblage 

(01 55%, Opi 25%, 

Cpx 11 % Cit 9 %> 

0.1% 

0.5 % 

1 % 

2% 

5% 

10 % 

20% 

u 

2-15 

0015 

135.17 

108 36 

86.82 

62.13 

33.53 

18.97 

10.15 

Or 

2,12 

0019 

105.79 

88.46 

73.43 

54.80 

31.12 

1809 

9.85 

Nd 

2.17 

0.038 

55.11 

50.20 

45.17 

37.63 

25.08 

16.12 

9.40 

Sm 

2,19 

0074 

29.01 

27.65 

26,12 

23 52 

18.11 

13 09 

8 43 

Eu 

2,IK 

0.091 

23.85 

22.94 

21.89 

20.06 

16.04 

12.12 

8.01 

(id 

2.16 

0 150 

14.26 

1394 

13.57 

12.88 

11 18 

9.16 

6.73 

Py 

2.15 

0.283 

7.57 

7.49 

7.40 

7.22 

673 

6.05 

5.04 

Er 

2.13 

0 559 

3.81 

380 

3.78 

3.75 

3.67 

3.53 

3.29 

Yb 

2 19 

0.727 

3.01 

3.00 

3-00 

2.99 

2.95 

290 

2,80 

Lu 

2.17 

0.811 

2.68 

2 68 

2.67 

2.67 

2.65 

2.62 

2.56 

Cc 

2.12 


105.70 

88.46 

73.43 

54.80 

31.12 

18.09 

9,85 

Cc/Sm 0.97 


3.65 

3.20 

2.81 

2.33 

1.72 

1.38 

1,17 


Assumed mantle composition 

Calculated composition resuming fractional modal 




(norma lisecd) 

melting 

Lqn [4 II) 







Source 

Calculated bulk partition 










cocflF, lor mineral 










assemblage 










(01 55%, Op* 25 Vu 

0.1% 

u.S % 

1% 

2% 

5% 





Cpx ii% t Gt «)%) 








u 

2.15 

0 015 

134.89 

103.53 

74.26 

38.01 

4.89 



Cc 

2.12 

0.019 

105 65 

85.93 

66 30 

39.31 

7.93 



Nd 

2 17 

0.038 

>509 

49.82 

43 91 

34 05 

15.63 



Sm 

2-19 

0.074 

29 00 

27.59 

25 92 

22.85 

15.52 



Eu 

2.18 

0,091 

2385 

22.90 

21 7S 

19.67 

14.39 



(id 

2.16 

0.150 

14.26 

13.94 

13 55 

12.79 

10,73 



Dy 

2.15 

0.283 

7.57 

7.49 

739 

7.21 

6.66 



Er 

2.13 

0.559 

3.81 

3.80 

3.78 

3.75 

3.66 



Yh 

2.19 

0.727 

3.01 

3.00 

300 

2.99 

2.95 



Lu 

2.17 

0 811 

2.68 

2.6K 

2.67 

2.67 

2 65 



Cc 

2.12 


105.65 

85.93 

66.30 

39 31 

7 93 



Ce/Sm 

0.97 


3.64 

3.11 

2.56 

1.72 

0.51 
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'j 
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C 


U 



I_ ± . — J_L -1_J_J_J_I_I_1_I_I-1_ l -1 

La Cf Nd Sm Eu Gd L>y Er Yb Lu 

/j gun -fjy Chondrite-normalized RLL patterns calculated for olivine fractionation frtim a k<*ualiitc melt 

(kumi(iitt436) ai 30%, 50%, 70% and 90% fractional crystallization, The partition 
coefficients were taken from Table 4.1. Phc details of the calculations made for each of the 
ten REE shown using Eqn |4 IS] arc given in Tabic 4.15 


Takit 4JS Data used in the caleulatwn of the REE diagrams shown in Figure 4,35 


Starting composition of Calculated values (from Eqn [4.18)) 

Sub Mountains kumaiiite 336 at a given % fractional crystallization 



Omen 

(ppm) 

Nakamura 

values 

Normalized 

values 

U for 
olivine 
(Table 4.1) 

10 % 

30% 

50 % 

70% 

90% 

l.J 

2.79 

0.3290 

8.48 

0.0067 

9.4 

12.1 

16.9 

2841 

83.5 

Cc 

7.93 

0.8650 

9.17 

0.4KI60 

10.2 

13.1 

18-3 

30.3 

90,4 

Nil 

4 73 

0.6500 

7 51 

0.0059 

8.3 

10.7 

15.0 

24.8 

74.1 

Sm 

1.40 

0.2030 

6.90 

0.0070 

7.7 

9.8 

13.7 

228 

'i 

Eu 

063 

0,0770 

8 18 

0.0074 

9.1 

11.7 

16.3 

27.0 

80.4 

Gd 

2.01 

0.2760 

728 

0.0100 

8.1 

10.4 

14.5 

24.0 

71 2 

Djr 

2.46 

0.3430 

7.17 

0.0130 

8.0 

10.2 

14.2 

23.5 

(»9.rj 

Er' 

1.61 

0.2250 

7.16 

0.0256 

7.9 

10.1 

14.1 

23,1 

67.5 

Yb 

1.41 

0.2200 

6.41 

0.0491 

7.1 

9,0 

12.4 

20.1 

57.2 

l.u 

11 24 

0.0339 

7,08 

0.0454 

7.8 

10.0 

13.7 

22.3 

63.8 
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these arc dune nunt easily by computer and the results displaced, ideally, on a 
graphics screen Holm <1990) describe* such a method using a spreadsheet. 

4.9.3 Petrogenetic modelling — examples 

In this section we illustrate the way in which trace element modelling has been used 
to identify differing petrogenetic processes in igneous nN.lv 

Panui •*: \ numerical example showing the effects of between 0.1% and 20% partial 

melting on the REE concern rations ol' a primitive mantle %imree is given in Tahlc 
4.14. The results arc displayed graphically on a vector diagram (Figure 4.34) and on 
a mulmanutc plot (Figure 4.36). Both diagrams show the extreme enrichment of 
the light RKK relative to the heavy REE in the partial melts — a property which 
increases as the percentage of melting decreases. This type of modelling has been 
used extensively and many examples can be found in the geochemical literature. 
Tbc results or partial melting calculations may equally well be presented on spider 
diagrams For example, Thompson cl j/. <1984) calculated chondritr normalised 
spidergrame for the dynamic melting of mantle Ifermriitc for comparison with 
measured oceanic basalt compositions. 


Ccyual The modelling of fractional crystallization on vector diagram* and RKK plots is 
fruiionatinn described above in Sections 4.9.1 ami 4.9.2 respectively and is illustrated in Figures 
4 33 and 4.3S. Details of the calculations arc given in Tablet 4.13 and 4.15. 

Vector diagrams can be used to identity a fractionating phase on a bivariate plot 
If, for example, on a plot of Ba vs Sr, the rock compositions define a liquid trend 
which could have been produced bv crystal fractionation, then the slope of the 
trend can be compared with a mineral vector diagram such as Figure 4.33 arid the 
phase responsible Sot the fractional crystallization trend can be identified, in 
addition, it is possible, from rhe compositional range in the two dements, to make 
an estimate of' tbc .mu •nr.: of fractional crystallization that lias taken place. When 
there is more than one fractionating phase present a composite sector must he 
ttlctilatcd, although when this is the ease it is not always possible m find a unique 
composition for the fractionating mineral assemblage. 

Multivariate diagrams arc used to compare calculated and measured rod, 
compositions. Provided the composition of a parental melt tc known, the 
composition of derivative liquids can be calculated and compared with the 
compositkm of liquids which are thought to have been derived from the parental 
melt. This is the approach used by \rth (1981), who modelled the REE chemistry 
of andesites and dacires in New Britain by fractional crystallization from basaltic 
and basaltic andesites. Arth estimated the mineralogy of the fractionating assrm 
blage from the proportions of phcnocrysts present in the lavas and calculated REE 
patterns which show excellent agreement with die observed REE patterns in the rocks. 


Cryuat 

ianlamtnjtwn 

aaJ .1FC 
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komatime magmas art thought to have had exceptionally high liquid us 
temperatures and to have been frequently contaminated with continental crust. 
Trace element data in support of this hypothesis are illustrated qualitatively by 
Arndt and Jenner (1986) on a REE diagram. Similarly, Condic and Crow (1990) 
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Fifun 4 3b Chondritc -normalized REE purerm calculated for modal hatch partial melting of a primitive 
mantle source with u 2.15 chondritic concentration of RE.E and with the mineralogy — 
olivine 55 %, anhopyroxime 25 "d, clinopyraxcnc II % and garnet 9 l !<v (jur%c* are sihown 
for 0.1 to 10% partial melt mg. 11k calculations were made for the ten REE shown using 
Eqn [4.10] — see Tabic 4.14 for the details. 

proposed that Archaean and early Proterozoic basalts erupted on the Kaapvaal 
craton in southern Africa were komatiitic in origin hut contaminated with 
continental crust. ThtJ support this hypothesis by showing that AFC vectors, 
calculated from die equations of DePado (1981b) (see Section 4.2.2), coincide with 
observed trends on bivariate Zr Ni and Hf-Th diagrams. They also use MORB- 
normalized spidergrams to show conformity between measured basaltic composi¬ 
tions and calculated spidergrams for varying degrees of assimilation and fractional 
c'vs'.ilh/ iiii ii i-.ini a hunuftic liui • 


Oj>oi system The behaviour of the REE in a periodically replenished, periodically tapped, 
professes continuously fractionated (RTF) magma chamber (Section 4.2.2) is described by 
O'Hara and Matthews (1981). Using chondrite-normalized values of Ce/Yb to 
represent the dope of the REE diagram, and Sm values as a measure of REE 
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cuncentrarions, they show on a bivariate pN*1 of normalized Cc/Yb vs Sm the 
effects of (tv RTF process on partial mehs of a variety of mantle sourew coupled 
with crystal fractionation 

Recognizing RTF processes in a lava sequence requires a very detailed and 
complete geochemical section. Norman and Lceman (1990), in a study of Oligocenc 
andesites and basalts from southwest Idaho, USA recognized a cyclicity in the trace 
and major element chemistry up the stratigraphic section On bivariate Ba-Sc and 
Th-Sc plots they show that the scatter in the data cannot be accommodated within 
calculated fractional crystallization and AFC trends alone, and requires the recharge 
of the magma chamber by the addition of more mafic magmas dining evolution of 
the magma chamber. 

Maxm-t >inJ A set of general mixing equations is given by I^ngmuir tt it/. (1978) w hich may be 
tourer mixing used to identify magma mixing and mixing in an igneous source reg-»n ‘flu 
equations of Langmuir el at (1978) predict that mixing between two elements 
produces a straight tine whereas mixing between an dement and a element ratio or 
between two ratios produces an asymptotic curve. 

The two types of mixing, magma mixing and source mixing, can be 
differentiated by using differences in behaviour between compatible and 
‘ li mpatihlc dements. For example, since highly incompatible element ratios do 
not change during partial melting or fractional crystallization, a m ring in based 
upon incompatible elemeni ratios is ambiguous and can indicate either magma 
mixing or source mixing. Compatible clement ratios, on the other band, are 
strongly fractionated during partial melting and will not reflect the ratios of the 
source region. 'Thus, if mixing is in the source region a compatible clement plot will 
show a scattered trend whereas the mixing of two melts will produce a simple 
mixing line. 

Dernanstruttng Two types of trace element plot lend themselves to the investigation of element 
rUmrnt motility mobility. Firstly, the MOKH-mtrm.ili/cd multi-element diagram of Pearce (1983) 
(Figure 4.23, Section 4,4.1) was constructed to show the difference in behaviour 
between dements which arc mobile and those which are not. Brewer and Atkin 
(1989) found that this diagram successfully differentiated between the bduvioiji 
mobile elements such as Sr. K., Rb and Ba and the immobile elements Nb, Cc, P, 
Zr, Ti ami Y during the grccnschtst facies metamorphism of basalts. A second 
approach is to use the enrichment-depletion diagram described in Section 4.H 
(Figure 4.32), although this type of diagram ran only be used when the composition 
of the unaltered rock is known. 


4.9.4 Inversion techniques using trace elements 

Trace dement inversion methods make use of the variability in ek-mcnial 
concentrations in a suite of cogenetic igneous rocks to determine unknowns such as 
the composition and mineralogy, of the source, the physical process causing the 
variation — crystal fractionation, partial melting or other process — and the degree 
of partial melting, crystal fractionation or other process., Thus, the inverse method, 
with its emphasis on constraining the model from the trace dement data, offers a 
much greater possibility of a unique solution to a geochemical problem. Inverse 
methods can in principle be applied to all petrological prfX'esses, although only 
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fractional crystallization and partial melting are illustrated here. The methods 
out lined here are discussed in detail by Allcgre and Minster (1978). 

The first step in using the inverse approach to the study of trace elements is to 
uk'imfy the likely physical prtxvss which accounts for the variation in the data, 
This may be done by plotting selected trace elements on bivariate plots. For 
example, elements which are compatible will vary drastically in concentration 
during It actional crysiallizsation, whilst highly incompatible elements will vary most 
in abundance during partial melting (Minster and Allcgre, 1978). 

A worked example of the inverse approach to fractional crystallization is given by 
Minster et at. (1977) for a suite of basaltic lavas from the Azores. In this case the 
unknowns are (l) the initial concentration of the trace elements in the parent 
magma, (2) the bulk partition coefficients for the elements and (3) the degree of 
crystallization corresponding to each sample. The initial concentrations of trace 
elements in the melt were estimated using Ni, The likely \i concentration in a 
parental melt was calculated by nulling a model mantle ()n this basis a parental 
melt from the lava suite was thus identified. Bulk partition coefficients were 
calculated Using the method of Allcgre et at. (1977) as follows, it can be shown from 
(he Rayleigh Fractionation Law (Eqn [4.18]) that the slope of a log-log plot of a 
highly incompatible trace element against any other trace element is propornor.il to 
the bulk partition coefficient D (see Figure 4.37). Where D< 1 the slope is (I - D) 
and where D > I the slope is (0 - 1). Minster et at. (1977) calculated bulk partition 
coefficients by assuming that the highly incompatible element Ta had a bulk 
partition coefficient of zero. The slopes of log log plots of the data against Ta were 
used to estimate bulk partition coefficients for other elements. The degree of 




Log-log trace dement plots showing the calculation of the bulk partition coefficient D during 
crystal friction anon, after the method of Allcgre et 4 1. (1977) (a) Plot of moderately 
incompatible element Zr against highly incompatible element Ta, The slope of the 
logarithmic plot is 0.9; hence the bulk partition coefficient D = 0.1. (b) Plot of ef m y lKhf 
element Ni against highly incompatible element Ta The dope of the logarithmic plot is ea 
—4.0, hence the hulk partition coefficient O is ca 5. 
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crystallization for each sample was calculated from a knowledge of the composin'>n 
of the prinuiv nulr .ini the bulk partition coefficient. 

In the ease of partial melting the unknowns are (1! the chemistry of the source, (2) 
the bulk partition coefficient for each dement considered and (3) the degree of 
partial melting for each sample. There arc too many unknowns for a direct solution 
and so a number of initial assumptions have to be made. 

Bender ei ai (1984), in :t study of ocean-floor basalts, used the modal batch 
melting equation (Kqn [4.10]) and made two initial assumptions. Firstly, they 
selected a reference element (in this ease the most incompatible element! and 
assigned it a bulk distribution coefficient (/>) Secondly, an initial value was 
assumed fur the degree of partial mdling. This value is subsequently checked and 
refined by the geological plausibility of the end result. From these two assumptions 
the concentration in the source (Q) may be calculated for the reference element: 
this is usually done for the mast enriched sample From the values, obtained for D 
and Q for the reference element, values for the percentage melting (A’) can be 
calculated tor all the other samples. The batch melting equation now has two 
known parameters' for each element — the concentration in the melt (Cj ) and the 
percentage melting (F) — and two unknowns, Q) and D. These unknowns may be 
found by solving simultaneous equations for pairs of parental magmas and by 
assuming that in each ease a pair of magmas has values of Qj and D which arc 
constant. 

The results of a preliminary calculation are inspected .md refined as necessary. A 
comparison of calculated D values for each pair of parental magmas gives a test of 
the assumed hatch melting model for these rocks. The calculated inverted partition 
coefficients may he compared w ith experimentally determined values to see if thev 
arc geologically plausible. The relative values of the inverted distribution 
coefficients arc a robust feature of this inversion method over a range D and F 
values. Values for the composition of the source arc more sensitive to values of fi 
and F but solutions arc restricted to a mii.iII range of geologically plausible 
possibilities. 

4.5 E A f na comment on geochemical modelling 

The development of trace element modelling in petrology represents a major 
advance in geochemistry. However, this approach must be used with some caution 
for two reasons. 

(1) Most of the models developed in Section 4.2.2 of this chapter arc idealized 
and do not always conform to the actual physical conditions of the process 
being modelled. 

(2) Rarely can petrological modelling produce a unique solution. Often problems 
of this type contain too many unknowns 

For this reason, trace element modelling must be regarded as a means of 
hypothesis testing and should be used to verify an already constrained model. 
Wherever possible, trace element studies should be part of a broader approach to a 
geochemical problem which includes the constraints of the major element and 
isotopic chemistry. 
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Chapter 5 


Discriminating between tectonic environments 
using geochemical data 


5.1 Introduction 


The idea of trying to fingerprint magma* from different tectonic settings chemically 
is probably best attributed to Pearce and Cano (1971, 1973). In swo very important 
pajws these authors shoved that it vis possible to use geochemistry to distinguish 
between basalts produced in different, known tectonic settings. They produced 
what have become known as tccrono-magmaric discrimination diagrams — 
geochemical variation diagrams on which magmas produced in different tectonic 
settings may be distinguished from one another on the basis of their chemistry. The 
relatively simple approach and the wide applicability of their results meant that the 
environment of eruption of both indent and modem basalts could be defined by 
the analysis of a rock for just a few readily determined elements. This led quickly to 
a plethora of papers purporting to show the tectonic setting of ancient volcanic 
rocks whose state of preservation and poor exposure had previously precluded the 
identification of the palaeotcctonic environment. More rt--.ni:' however, getr- 
cheniists have moved away from the ‘cookbook.’ type of approach to tectono- 
nugmatic discrimination diagrams to a closer examination of the reason why 
different tectonic environments have variable geochemical signal urea 

The work pioneered by Pearce.and Cann (1971, 1973) brought together three 
separate strands of thinking These are the statist tea I technique of discriminant 
analysis, the rapid and accurate analysis of trace elements thought to be normally 
immobile under hydrothermal conditions and the identification of a number of 
distinct tectonic environments. Each of these is now briefly considered. 


5.1,1 Discriminant analysis 

Discriminant analysis is a statistical technique used for classifying samples into 
predefined groups (Section 2.9). \ large number of •, nuM: : .mim d in order 

to isolate the ones which most effectively classify the samples. The most powerful 
discriminants are used to define the axes on bivariate and triangular diagrams. The 
■■■! :t L groups of samples arc plotted either as elemental concentrations or 
calculated discriminant functions based upon the elemental concentrations, and 
boundaries arc drawn between the different groups of samples. Unknown samples 
are then classified according to the defined fields. 

Most discrimination diagrams described here use individual elements as the 
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discriminant functions, rather than a composite of several elements. nuking the 
diagrams easy both to use and to understand. In the case of the study bv Pearce and 
Cann (1971, 1973) the elements Ti. Zr. V, Nb and Sr were found to be the most 
effective discriminants between basalts erupted in differing tectonic environments. 


5.1.2 Immobile trace elements 


\ major step in the development of tcctono-magmaric discrimination diagrams was 
the development of a method ol rapid and accu ra te analysis of trace elements 
present at low concentrations in silicate materials. This work ■ mri.ilb uir . . 
out by X-ray fluorescence atubsL airlniimh some trace elements are now analysed 
by neutron activation analysis. Of particular importance were trace elements 
thought to be immobile under m i t irms of hydrothermal activity. Nol all 
discrimination diagrams use trace elements and nut all use immobile trace elements, 
but the diagram', which have the widest applicahilm are based upon immobile trace 
elements as these can be used with altered jnd metamorphosed rocks. Much of the 
ensuing debate over the use of diagrams to discriminate between different tectonic 
settings has focused on the question of the mobility or otherwise of the so-called 
‘immobile elements’. 

Many of the diagrams use high field strength dements such as Ti, Zr, V, Nh and 
P which are thought to be relatively immobile in aqueous fluids unless there are 
high activities off’ - . This means that these elements will be stable under conditions 
ofliydrothemi.il, sea-floor weathering and up to medium metamurphic yr.uk--. ■” ... 
amphibolite facies). Little is known about the stability of these elements at higher 
metamurphic grades. 

In summary, a good tectonic discrimination diagram must be constructed with 
elements which are insensitive to secondary processes, and which are easy (■* 
measure with good precision even at low concentration JcvcK ideally by a relatively 
simple and rapid method ot analysis 


5.1.3 Tectonic environments 

The number of tectonic environments recognized today is much greater than 20 
years ago. This reflects the advances made in understanding both earth processes 
and the chemistry of igneous rocks. Pearce and (jnn (1971, 1973) originally 
identified the geochemical signature of rocks from vnlvaii: from the ocean 

floor and from within plates. Today the chemical discrimination 
environments has expanded to include granitic rocks and sediments. 

A summary of the tectonic environments discussed in this chapter is given in 
Bov 3.1. Different types of ocean ridge jn- Iw-st distinguished using basalt 
chemistry, whereas discrimination between the different types of collision zone is 
her ter done using granite geochemistry. Passive continental margins arc charac¬ 
terized by their absence of igneous activity and can only be recognized using the 
h iiiistry nt M'di ir lit, picks -\r imr.ijd.iii ,■ t u i .i recognized I-mt tin- 
chemistry of both basalts and granites, and volcanic-arcs may be recognizable using 
all three types of discriminant analysts. 
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Tectonic environ nwrrts jrecogjniroW© using geochemical crrtirra 

Ocean ridge 

Normal ocean ridg* (chnriictori/fld by Ntype MOR81 
Anomalous ocean ridge {characterized by E-type MORBI 
Incipient spreading centre 

Backarc basin ridge 

Fore-arc basin ridge {located above a subductlon zone} 

Volcanic-arc 

Oceanic-arc — dominated by iholelitlc basalts 
Oceanic-arc — dominated by cafc-alkali basalts 
Active continental margin 

Cottisiortal setting 

Continent-cocninent collision 
Continent-arc collision 

Intraplate setting 

Iniracontinental — normal crust 
Intraconiinonial attenuated crust 
Ocean-island 

Passive continental margin 




5.1*1 Using discrimination diagrams 

Discnmmidon diagrams seldom provide unequivocal confirmation <>r a former 
tectotm ( I'.ironment. At best they can be used to suggest an affiliation. They 
should never be used as proof. This is all the more important the further back in 
time wc go ami the further away we move from the control set of samples used in 
the construction of the diagram For example, using a discrimination diagram 
constructed from modem volcanic rocks to postulate art Archaean tectonic setting is 
likely lo produce equivocal results. Furthermore, discrimination diagrams were 
never intended to be used for single samples, but rather with a suite of samples. 
This simple precaution will eliminate the occasional spurious rcsulr and highlight 
data-sets from mixed or multiple environments. 

In this chapter Wt review the current use of discrimination diagrams and their 
application tn igneous and sedimentary rocks. In each case a diagram is described 
and then evaluated in the light of its usage. Clearly, diagrams produced in the I ‘>7tK 
are more Cutty tested than those published recently and so in general then itbfain the 
poorer reviews. These are sometimes justified hut often ntli.i ,m itui cased level of 
iindcrsTanding of both tcaonic environments and geochemical processes since the 
publication of the diagram 

Factors that should be considered when evaluating discrimination diagrams arc: 
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(1) ihc number of samples used in constructing the tnd in defining the 

boundaries; 

(2) the degree of overlap between the pru posed held*, 

(J) the effects of dement mobility on the usefulness of the dutram. 

(4) the range of tccionic environment* represented. 

Finally. it should be remembered that most ilMnrmiutiim diagrams arc 
empirically derived There is no harm tn this, but for a diagram to he most useful 
we also need to understand how it works I'hus, where possible, the ram n I 
behind a particular diagram is also given in the discussion below 


5.2 Discrimination diagrams for rocks of basaltic 1o .intfcMiic t;n;riposition 


There arc a Urge number of discrimination diagrams applicable to basalts and 
basaltic indflitcs which use trace elements major and minor elements and the 
mineral dinopy rovene. These arc considered in turn Table 5-1 classifies the 
different types of basalt according to tectock setting and shows which diagrams 
might be useful in their identification. 


5.2.1 Tract* ofomont discrimination diagrams 

Trace element discrimination diagrams arc (he largest group of discrimination 
diagrams which can be used to suggest the former tectonic environment of a suite of 
hasalts They can also be used to identify basaltic magma series I loth of these 
applications arc discussed below. First, however, there is a full discussion of the 
'I /t V * i"'i.nir. |uo|KJsed hy Pearce and Gann <1971) to illusirate both the use 
and the pitfalls of tectono magmatic discrimination diagrams. 'Phis particular set of 
diagrams was chosen not so much for its current usefulness but because it has been 
thoroughly evaluated and discussed in the literature. 


m Tt-'/.r, 

TtZr-YanJ 
Tt-Zr-Sr 
diagram! (Pettit 
and Can*. 1973) 


The discrimination diagrams of Pearce and Gann (197.1) apply to tholeiitic hasali.s in 
the eompoHticmal range 20% > CaO + MgO > I2 ,l ». Alkali basalts should be 
screened using their low Y/Nb ratio (Y/Nb < 1.0 for alkali ocean -island and alkali 
continental hanlts; Y/Nb < 2.0 for ocean lkor alkali basalts). Care should aim be 
taken in (dotting rocks with a high cumulate content, for absolute concentrations of 
li. Zr. Y, Xb and Sr will be reduced by dilution, although this will not affect the 
relative proportions plotted on triangular diagrams Rocks containing cumulus Ti- 
bearing phases such as ritanociugnetiie and dinopy imcnc will also give erroneous 
results and should be avoided. 


(a) 7V Tt /.r V diagram The diagram in Figure 5.1 most effectively 

discriminates between withm-platc basalts, i.c. ocean island or continental Hood 
basalt* (field D) and other basalt types, bland-arc tholciitc* plot in field A and 
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Tt 100 



, f The Ti- /r-Y discrimination diagram for basalts (after Pearce and Cam, l'>7' i \ is the Acid 
uf island-arc thoJciitn, C the held of calc-alkali basjlts, I) is the field of wilhm-platc basalts 
and B is the Add ol \U1RH, Kland arc tholctitcs and calc-alkali basalts. Rods which plot in 
Add B give an ambiguous result but can be separated by plotting on a Ti Zr diagram (Figure 
5.2) or if unaltered on a Ti-Zr-Sr diagram (Figure 5.3). The plotting coordinates, extracted 
front Pearce and Cann (1973 — Figure 3) are; 
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calc-alkaline basalts in Add C. MORB, island-arc thukiiti.-. and cak-alkaline kisails 
all plot in field B. Data points arc calculated according to their assigned weightings 
(Ti/lOO (ppm)* Zr (ppm), V x 3 (ppm)], recast to 100%, and plotted in the 
triangular diagram in the manner described in Section 3.3.2. 


(b) The Ti-Zr diagram Hi • i, '(a) has four fields. Fields A, C and D contain 
island are thnknti-s, ualc alkali basalts jnd MORI) respectively and field B contains 










fr'i^urt 5.2 Discruninaiimi diagram* for basalls based upon Ti-Zr vanaftons. {a) Linear scale (after 
Pcaroc ami Cann, 1973); the fields are as follows; A P Uland^arc iholciifcs; B, MORJ1, 
cale-alkali basalt* and inland-arc rholciiies; C, calc-alkali basaJi; D, MORB. The plotting 
coordinates (extracted from Pcarcc and (jmn, 1973 Figure 2) arc as follows: 
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fb) l^og scale (after Pcarcc, 1982) showing the fields of volcanic-arc basalts. MORB and 
within-pbic basalts* The values given on the ordinate and abscissa can be used as i guide in 
drawing the field boundaries (dar.i extracted from Pearce, I9S2). 
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.ill three types. A modified version of this diagram, extended in compositional range 
to include within~platc lavas, is given by Pearce (1982) (Figure 5.2b), The >;imc 
diagram presented in the form TiOr-Zr, expressed as wt% and ppm respectively, 
is used by Floyd and Winchester (1975) to illustrate the compositional differences 
between alkali and tholeiitic basalts. On this diagram (not shown) there is 
considerable overlap ••'-.s n the tholciitcs anJ alkali basalts from ocean • • ; • mil 
ocean-island settings. 

(c) The Ti-Zr-Sr Juigrax; Figure 5.5 van only be used for fresh samples because 
Sr is a relatively mobile element in hydrothermal fluids. The main function of this 
diagram is to subdivide the rocks which plot in field II of the Ti-Zr-V diagram 
(Figure 5.1) into their different tectonic settings, Island-arc tholeiitcs plot in field A 


Ti/100 



Figure \ t The Ti Zr Sr dtscri;ni m '...ram lor basalts (after Pearce and Cann, 1973), Island-are 
iltulciitcs plot in field A, calc-alkaline basalts plot in field 11 and MORB plot in field C The 
plotting coordinates fur this diagram (extracted from Pearce and Cann. 1973 — Figure 4) are: 
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Score I 

Figure 5.4 Plot of the lirst principal component score vs the second principal cnmpuncni score for 35 
basalt trace element analyses. 

Score 1 = -0.037071'. - 0.066RZr 0.3987Y + Q.8362Sr 

Score 2 = -0.3376Ti - 0.5602Zr 4 0.7397Y 4 <M582Sr 

The fields arc those used bv Pearce and Cann (1973) The approximate coordinate* of the 
boundaries are extracted frwn Butler and Woronow (1986 - Figure 2). 

of Figure 5.3, calc alkaline basalts in field B and MORB in field C Individual data 
points are calculated according to the weighting Ti/100 (ppm), Zr (ppm), Sr/2 
(ppm), and recast to 100%. Sr mobility has been demonstrated during zeolite and 
prehnite pumpcllyitc facies metamorphism of basalts (Morrison, 1978; Smith and 
Smith, 1976). 

(4) Discussion Pearce and Cann (1973) intended that the three diagrams described 
above should be used together and in the following way. The Ti-Zf-Y diagram 
(Figure 5.1) should be used first to identify wilhin-platc basalts, then the Ti-Zr 
(Figure 5.2) and if the samples arc unaltered the Ti-Zr-Sr diagram (Figure 5.3) to 
identify the other basalt types- This suite of diagrams has been widely used and a 
number of authors have reported inconsistencies in its use. These may lie 
summarized as follows, 

(1) Few samples of conrincnral rholciites were used in rhe construction of the 
Ti Zr-Y diagram and continental florid basalts do not plot in the 'within 
plate’ setting — field D of Figure 5,1 — (Holm, 1982; Duncan, 1987), 

(2) The effects of crustal contamination were not considered by Pearce and Cann 
(1973) and yet this is likely to have a significant effect on the chemistry of 
continental flood basalts and may be a contributory factor in their persistent 
misclassification (see Wood et at., 1979c). 

(3) Since the publication of the Ti-Zr-Y diagram we have learned a great deal 
about the chemistry of ocean-floor basalts and a number of types of MORB arc 
now known This point is made by Prestvick (1982), who showed that 
anomalous ocean-floor basalts from Iceland do not plot in the MORB field. 
More recent discrimination diagrams, however, can recognize different types 
of MORB (see Table 5.1). 

(4) Recalculating results to 100 % prior m plotting «m a triangular diagram causes 
samples to become grouped even when no real association exists (Section 2.5). 
Butler and Woronow (1986) discussed this problem and proposed an 
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alternative approach using principal component analysis (Section 2 9). Their 
results arc plotted in a bivariate graph (Figure 5.4) which uses the score* of 
the first two principal components (functions of Ti, Zr, Y and Sr) as axes to 
discriminate between the four environments identified by Pearce as ( 
(1975). However, whilst this graph may he more mathematically Miund than 
the original Ti-Zr-Y diagram, the boundaries are drawn on the basis of only 
35 analyses (averages) taken from the literature and so should Ik treated as 
preliminary- 

Other <hunmi'/u 
(toti diagrams 
using 
Tt-Zr-Y-m 
variation 

(a) The Zr/Y-Zr diagram far basalts (Pearce and \orry, 1979) Pcarcc and Norry 

(1979) found that the ratio Zr/Y plotted against the fractionation index Zt proved 
an effective discriminant between basalts from ocean-island arcs, MORB and 
> j! l>. basalts (Figure 5.5a). Arc basalts plot in fields A and lb MORB in 

fields B, I) and E and within-platc lusalls in fields C and E. Pearce (1980) 
contoured the MORB field of this diagram for spreading rale. 

The Zr/Y Zr diagram can also be used to subdivide island-arc basalts into those 
belonging to oceanic arcs, where only oceanic crust is used in arc construction, and 
arcs developed at active continental margins (Pcarcc, 1983). Oceanic arcs plot in the 
island-arc field originally defined by Pearce and Norry (1979) whilst continental-art 
basalts plot with higher Zr/Y and higher Zr (Figure 5.5b). 

Pearce and (Sale (1977) use a similar diagram based upon Zr/Y and Ti/Y 
variations to discriminate between within-plaie h ills and other types of basalt, 
collectively termed 'plate margin basalts* (Figure 5-6). This diagram makes use of 
iht enrichment m Ti and Zr hut not Y in within-plate basalts. 

(b) The Tt/Y Xb/Y diagram (Pearce. 1982) This diagram, shown in Figure 5-7, 
successfully separates the within-plate basalt gToup from MORB and volcanic arc 
basalts, which overlap extensively on this plot. Within-plate basalts have highc. 1 

Y and higher Nb/Y than the other types of b.ivdi, differences which arc thought to 
reflect an enriched mantle source relative in the sources of MORB and volcanic-arc 
basalts. Differences in Nb/Y ratio allow the within-plate basalt group to be further 
subdivided into tholciitic, transitional and alkaline types. The broad linear array of 
fields on this diagram nuiy result from the common denominator effect discussed in 
Section 2.5. 


A number of other icetono-magmatic discrimination diagrams have been proposed 
based upon Ti Zr Y variations and these are discussed below. In addition the Ill'S 
clement Nb is used, although d-. |, i-im- nhieh introduce Nb should be used with 
care. Nb concentrations cannot be accurately determined by XRF below about 
10 ppm and precise analyses must he made by fNAA. 


(<) The Zr-Nb-Y diagram (Mcsekcde, 198b) As our knowledge of oceanic basalt 
chemistry li ; tied over the past 20 yea , it has beomc apparent that there is 

more than one type of MORB or 'ocean floor basalt' as it was called by Pearce .nd 
Cann (1973) Mcschcde (19}|6) suggested that the immobile trace dement Nb can 
be used to separate the different types of ocean-floor basalr anil recognized two 
types of MORB. These are N-typc MORB, basalt from a 'normal 1 mid-ocean ridge 
environment and depleted in incompatible trace elements, and E type MORB (also 
known as P-type .MORB) ocean-floor basalts from plume-influenced regions 
such as Iceland which are generally enriched in incompatible trace elements. 
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F^trrr ^ y Discrimination diagrams for basalt* based upon Zr/Y-Zr variations; both diagrams have a 
logarithmic scale, (a) The fields arc A. voliamc-ajc basalts. It. MORB; C, within plate 
hicwilis, I), MORI* and volcanic arc ! u iIk 1 . MORB and wichin-pkie basalts {after Peine 
and \orry T 1979). The values along the ordinate and abscissa arc on i logarithmic scale and 
are given to assist in constructing the field boundaries (data extracted from Pearce and 
jr„ 1979 — Hgure 3). (b) Helds of continental and oceanic-are basalts separated on the 
basis uf a Zr/V value uf v "I he shaded area is the field of overlap between the two basalt 
t>pc* {after Pearce* 1483), 



Future 5.6 The Zr/Y Ti/Y discrimination diagram fu-r basalts showing the fields of wiihin-pktc basalts 
and pbtr margin basalt (i.c, all either Iwalt types). Coordinates arc given for the bounding 
line bcmcen the two fields (after Peirce and Cute, 1977). 
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Figure 5.7 


The Th-Hf-Ta 
diagram of 
Wood (1980) 



The Tt/Y-Nb/Y discrimination diagram for basalts showing the fields of within plate 
tussles, MORI! ami volcanic-arc basalts (dashed line). The wuhin-platc basalts may be 
divided into thulcntk (Thol.), transitional (Trans.) and alkali (Aik.) basalt types (after Pearce. 
1982), The values given along the ordinate and abscissa arc to allow the construction of the 
field boundaries and arc extracted from Pearce (1982 — Figure 9a). 

On a triangular plot of Zr 1, 2 x Nb and Y (Figure 5.8) Meschedc (1986) 
showed that lour nutn hasalt fields can be identified. The plotting coordinates are 
given in the caption to Figure 5.8 and Garem and Frias (1990) have written a 
computer program in BASIC for plotting nick compositions on this diagram. The 
fields were defined on the basis of more than IRIK) analyses of modem basalt* 
selected from the composition range 20 wt % > CaO + MgO > 12 wt 9o. 

Wilhin-platc alkali basalts plot in held A; within-platc I hole lire* pint in fields AH 
and C F-type MORB plots in field H whilst N-type MORB plots in field D. 
Votcanic am h*-.il'r- pun in he'd* ( md I) I he sei cral a km* .il i>ve:I..p *v. 
that only within plate alkali basalts and E-type MORB can be identified without 
ambiguity. 

(d) The causes of Ti-Zr-Y-Nh variations tn basalts from different tectonic 
settings Pearce and Norry (1979) investigated the likely reasons lor variation in 
Zr/Y and Ti/V between basalt suites and concluded that they arc most probably 
related to long-lived source heterogeneities. Certainly it seems, to be true that the 
difference* between within-platc basalts (high Zr/Y) and other basalt types reflects 
a difference in the mantle source regions. Differences in Zr/N’b and Y/Nb between 
alkali and tholciilic basalts can be explained tn a similar way. Island arc basalts and 
MORB, however, may come from the '..line source, but in this case the lower 
absolute abundances of Tt, Zr. Y and Nb in island-arc basalts represent a greater 
degree of partial melting. 

A discrimination diagram hosed upon the immobile HFS elements Th-Hf-Ta was 
proposed by Wood (1980). In order to expand and centre the fidds of basalt types, 
concentrations are plotted (in ppm) as Th, I If/3 and Ta. The dements Th, Hf and 
Ta arc present in very low concentrations in basalts and cannot be accurately 
determined by XRF analysis and so must be determined by 1NAA In eases where 
reliable Ilf and Ta analyses are not given but Zr and Nb concentrations have been 
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Fifurt 5.4' The Zr-Nb-V discrimination diagram for basalts (after Mcschctlc, I9K6). The fields arc 

defined as follows- M, within-platc .llkali basalts; All, within-platc alkali basalts and within- 
platr ihnlaites; U. K rvp*- MORI); C, within plate tholciitcs and volcanic-arc basalts; D, N- 
tvpc MORE and volcanic arc basalts. The plotting coordinates for the bourdarv lines given 
by Mcschcde (l'JS6| are: 
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measured, Hf concentrations may be obtained ’mm ,i Zr/HI ratio of 39 and Ta 
concentrations Imm ;i MvTa ratio ot 16 (Wood et al ., 1979c), 

'llte chief features of this diagram arc: 

(1) it recognizes different types of MORB; 

(2) it can be applied to intermediate and silicic lavas as well as In basalts; and 

(3) it is particularly go- • n identifying volcanic- c - dr 
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The Ti-V 
diagram of 
Shenvts (1982) 


The U Y-Nb 
diagram of 
Cabana and 
LecoHe (1989) 


Figure 5.9 shows the fields for the different magma types. N-type MORB plots in 
field \ whilst E-typc MORB ami thoieiitic within plate habits both plot n field B, 
It is not pnvijhlc, therefore, to discriminate between E-type MORB and within 
plate tholeiites an this diagram, although this separation can he made using the 
Ti Zr Y diagram of Pearce and Claim (1973). Within-platc alkali basalts plot on the 
Th-Hf-Ta diagram tn field C and volcanic are basalts in field D. Field D may he 
subdivided into island-arc tholeiites (primitive arc tholeiites) — lavas with an I If/ 
Th ratio greater than 3 — and calc-alkaline basalts with an Mf/Th ratio less than 3. 

There is some uncertainty over the mobility* of Th in altered basalts and so 
ideally this diagram should only be used when samples do not contain a large 
proportion of altered glass. Crystal fractionation can also cause points to plot in the 
wrong fields. The fractionation of most silicate minerals tends to remove Ta and Hf 
from the melt and the residual liquid is pushed towards higher Th concentrations 
Magnetite, on the other hand concentrates Ta relative to Hf and Th and so 
magnetite accumulation will displace liquid compositions towards the Ta apev of 
the diagram, 

Ti and V arc adjacent members of the first transition scries in the periodic table and 
yet in silicate systems they behave in different ways. This is the basis of the 
discrimination diagram ot Shcrvats {I9S2), which is a.1 r > distinguish between 
volcanic-arc tholeiites, MORB and alkali basalts. 

Partition coefficients for V are very variable and in minerals such as 
ofthopyroxene. dinopyroxene and magnetite vary over several orders of magnitude 
as a function of oxygen activity This is because V can exist in reduced (V-'") or 
oxidized (V 44 , \ r?;+ ) states in natural magmas. In contrast Ti exists only as Ti 4 *, 
Variations in concentrations of V, relative to Ti, act therefore as a measure of the 
oxygen activity of a magma and of the crystal fractionation processes which hast 
taken place. These parameters, in turn, can be linked to the environment of 
eruption and arc used as the basis for this discrimination diagram. Ti and .ire 
immobile under conditions of hydrothermal alteration and at iniermediate-to-hiph 
grades of metamorphism. 

The different basalt fields are subdivided according to Ti/V ratio (Figure 5.10). 
MORB plots between Ti/V ratios of 20 and 50, although there is considerable 
overlap with the fields of continental flood basalt and back arc basin basalts Ocean- 
island and alkali basalts plot between Ti/V ratios of 50 and 100. Island-arc tholeiites 
plot between Ti/V ratios m 10 jnd 20 with a small overlap onto the field of MORB, 
Calc-.i I Li I i lavas plot with a near-vertical rrend and with Ti/V rarios between 15 
and 50. 

I Lug a (nmp.ir.iinely small number of samples, Cabanis and I-ecoflc (1989) 
constructed a triangular diagram based upon Ij-f-Nb concentrations which 
discriminates between volcanic-arc basalts, continental basalts and oceanic basalts, 
'litis diagram has nor vet been widely tested bur offers tnotbci n . ; f 

discriminating between different types of MORB. Elemental concentrations an 
plotted in ppm as La/10, Y/I5 and Nb/8 and the three mam fields arc further 
subdivided (Figure 5 11). Volcanic arc basalts plot in field I and are subdivided into 
calc-alkali basalts (1A) and island-arc tholeiites (IQ. Field IB is where the tw-o plot 
together. Field 2 characterizes continental basalts and field 2B may define 
continental back-arc tholeiites, although this subdivision is based upon a single 
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Ftfurc y V The Th Hf-Ta discrimination dunlin for basalts (al'ur Wood, 1480}. 'l"hc (kids arc: A, N- 
:>p< MORB; B, E-type MORB and within plate thoJriiles, C, alkaline within-phtc basalts; 
I>. volcanic-arc hasalts. Island-arc rholciites plot in field f> where HF/Th > 3 0 and 
cale-alkalmc hasalts where Hf/'Vh < 3.0. The broken lines, indicate transitional rones 
between basalt types. The plotting coordinates for the boundary lines (extracted from Wood, 
1980 Figure l)arc: 
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value. Field 3 defines oceanic 1 *.t-,i1 1 - .ind is subdivided as follows. Field 3D is N- 
type MORB, fields 3C and 3B E-type MORB (also known as P type MORB) and. 
field 3A is defined by alkali basalts from the Kenyan Rift. 

There is some evidence that I-a is mobile under hydrothermal conditions and so 
highly altered and metamorphic rocks may show some distortion relative to the La 
apex. 








Oiacriminuting between tectonic environment# 


188 



200 


Continental 
Iwd basalt 


Ti/V - 10 


bi*aln 


L 

4 


Ti (ppmyiQO 


Figtrt SJO The Ti—V discrimination diagram for basalt* (compiled from Slier vais, 1982), The fields of 
arc tbolciitc (diagonal hatching), MORI) and back-arc basin basalts (UAB) (horizontal 
hatching), continental flood basalts (vertical hitching) and ocean-island and alkali basalt 
(unshaded) are recognized by their Ti/V ratio as shown, Cate-alkaline basalt* (shaded) plot 
with lew Ti Concentrations with a wide range of Ti/V ratios. 


Diagrams which 
preferentially 
select volcanic- 
arc basalts 


Pearce (1982, 1983) used MORB nanMhzed spider diagrams (see Section 4.4.1) to 
identify the trace elements which best characterize magmas produced in an island 
arc environment. From these studies three distinctive features of volcanic-arc 
basalts emerge (Pearce, 1982). Firstly, they arc enriched tn the elements Sr, K, Rb, 
Ba and Th relative to Ta and Cr. Secondly, island-arc tlioleiitcs have low 
abundances of the high field strength elements relative to MORB and, thirdly, 
cale alkaline basalts are enriched in Th, Ce, P and Sm relative to the other I1FS 
elements. These features are used as basis for a number of discrimination diagrams 
which cam be used to distinguish between MORB, w ith in-plate basalt s and 
volcanic-arc basalts. 


(a) The Cr- > diagram (Peaut, 1982) The low concentrations ofCr in volcanic- 
arc basalts relative to other basalt typIw • been used in a number of discrimination 
diagrams to help characterize volcanic-are basalts (Pearce and Gale, 1977, Garcia. 
1978; Bloxham and Lewis, 1972). Cr is compatible in the minerals olivine. 
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Figure y./I 'ITvc Lt/10-Y/1> Nb/8 discrimination diagram for basalts (after (jhaniv and Lccolle, 
BMW) | he plotting coordinates arc shown mmnil the margin of the diagram; (be broken 
lines arc drawn normal to the sides of the triangular diagram f ield 1 contains volcanic-arc 
basalts, field 2 continental basalts and field 3 oceanic basalts. The subdivi-"n - o* ;|v fields 
arc as fbl QV«: 1 \, cak alkali basalt'.: 1C, volcanic-arc thokiites; |R is an area of overlap 
between l A and 1C, 2 A, continental basalts; 2B, back-arc basin basalts (although this is less 
well defined); 1A, alkali basalts from intercontinental rift; IB, JC, F,-t>pc MOKTI (IB 
enriched. 3C weakly enriched), 3D. N-type MORB. 

orthopyroxene and clinopyroxcnc and (he spinels in a basaltic melt. The low levels 
of dr in volcanic-arc rocks therefore is either a function of a different amount of 
mantle melting from MORB and/or a difference in the fractionation history. The 
precise cause is difficult to define. Y is also depleted in island .ire basalts relative to 
other hawlt types, for a given degree of fractionation. Thus a Cr vs Y plot (Figure 
5.12a) discriminates effectively between MORB and volcanic-arc basalts, with only 
a small amount of overlap between the two fields. Within - plate basalts, on the other 
hand, overlap the fields of MORB and volcanic-arc basalts. The wide range of Cr 
values m the volcanic-arc basalt field is most efficiently obtained through crystal 
fractionation, indicating that Cr is a useful fractionation index in these rocks. 

(b) The Cr-Ct/Sr diagram Cc and Sr behave in a very similar way in MORB but, 
because of their differing mobilities in aqueous fluids, behave very differently in 
volcanic-arc basalts. When the data are displayed on a MORB-normalized spider 
diagram, vulcanic-arc basalts show an enrichment in Sr relative to Cc, whereas in 
MORB C. and !sr have very similar normalized concentrations. The ratio Cc/Sr is 
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Figure 5.12 (a) The Cr-Y dHcriminarion diagram few basalts (after Pearce, I9M2), showing the fields for 

MORB, vokank-arc basalts (V,\B) and within-plate basalts (WPB). The plotting coordinates 
useful in constructing the diagram are extracted from Pearce (1982 — Figure 2). (b) The 
(j-fx/Sr discrimination diagram for hasalts (after Pearce, 1982), showing the fields for 
MORB, vofcanie-arc basalts (V.\B) and within plate basalts (WPB). The plotting coordinates 
useful in constructing the diagram are extracted from Pearce (1982 Figure 5). 

therefore a useful discriminant between MORB and volcanic-arc basalts. On a plot 
nf Cr vs Ge/Sr (Figure 5.12b) volcanic-arc basalts have lower Cc/Sr ratios than 
MORB and within-plate basalts for the same Cr content. 


Distinguishing 
between different 
types of vo I conic- 
arc bautl 


In contrast to the preceding diagrams in which the concentrations of trace elements 
var> chiefly as a consequence of different degrees of partial melting and crystal 
fractionation, the diagrams presented in this section show variations which are 
attributed to chemical differences in the source region. These differences might 
arise from mantle heterogeneity caused by melt movement or from the addition or 
removal of elements in a fluid phase. 

Throe element ratios arc used — K/Ta, Ce/Ta and Th/Ta — each of which 
highlights the chemical difference between volcanic-arc basalts and MORB. In each 
case, however, the elements are ratuwd to a common denominator (Yb) for the 
purposes of showing variations in the source region prior to subdued on. Yb is 
assumed to be immobile in an aqueous fluid and to behave as an incompatible 
dement and so the ratio of two incompatible elements such as Th/Yh will re-main 
unchanged during partial melting and fractional crystallization (see Section 4.7.1), 
The same will he true for the Ta/Yb ratio and variations on a Th/Yh vs Ta/Yb 
diagram therefore reflect differences in source composition. The reader should 
beware, however, of the possible common denominator effect in these di.igr.nus 
(Section 2.5) which could produce spurious linear correlations. 

V number of subdivisions can be made of the conventional basaltic field on these 














Duteriminaticri diagrams (or basalts 


m 


diagrams Volcanic-arc basalts arc subdivided into tholeiitic, caJc-alLali and 
shoshunitic varieties. |Shiwhonitcs are a group of K-rich, near-satunited rocks 
ranging in composition from ha--;iti to dscitc with both talc alkaline and alkaline 
affinities (Morrison, 19X0)]. YJOK1J anti with in-plate basalts arc also subdivided 
- -:i» Iciltic, alkali and transitional types. 

The K?0/ Yb—Ta / Yb diagram This diagram (after Pearce, 1982) is based upon the 
difference in behaviour between K and Ta in volcanic-arc basalts. In contrast to 
MORB, where the K/Ta ratio is almost constant, the greater mobility of K in an 
aqueous fluid relative to Ta means that in volcanic-arc basalts the K./Ta will always 
I . high The diagram {Figure 5.13) discriminate- well between voluini. .in ImmIh, 
with high KvO/Yb and MORB and wilhin-plalc basalts with a lower ratio, It also 
discriminates between tholeiitic, calc-alkaline and shoshonitic volcanic-arc basalts 
and between tholeiitic, transitional and alkaline MORB and within-platc basalts. 

Source het e rog en e i ty will affect both K and Ta equally on this diagram as they 
are both incompatible elements, and so mantle compositions will move to higher or 
lower K : 0/Yh and Ta/Yb ratios relative to primordial mantle along a slope of 
unity (Figure 5.13) Fluid enrichment, on the other hand, will enrich k hut nor Ta 
and will show is i trend parallel to the KXVYb axis (Pearce, 1982). This diagram 



tiptire x 13 I discrimination diagram for basalts basest upon K-Ta covariations and using Yb as a 
normalizing factor (after Pearce, 1982). The diagram shows the fields of volcanic-arc KtuIis 
(VAB), MORB and within-platc basalts (UPI!) Volcanic-arc basalts are subdivided into 
tholeiitic (Thol), calo-alkalinc <CA) and shoshonitic (Shu) varieties MORB and within-platc 
basalts are subdivided into tholeiitic (Tbol), tnmsirmnat (Traits) and alkaline (Aik) varieties. 
Alkaline volcanic-arc basalts also plot in the alkaline field. The platting coordinates, shown at 
the margin of the diagram, arc extracted from Pearce (1982 — Figure f>), The solid arrows 
indicate the direction «if mantle depletion (D), mantle enrichment (F.) and enrichment via a 
fluid phase (F) 
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cannot be used in altered vnk-nu rucks because the mobility of k in aqueous fluids 
will produce very unreliable results Instead, the less mobile elements Cc or Th can 
be used in place of k. in analogous plots (Pearce, 1982), 

Diagrams which Biliks {19H1) recognized four types of andesite — low-K oceanic island-arc 

distinguish andesites, 'other* oceanic island-arc andesites, continent I si, i.l .m- , dies and 

hetspeen dtjferent Andean (active continental margin) andesites. These may lx- distinguished on the 

tyftes it/ basis; ot their La/Yb and Sc/Ni ratios (Figure 5 14) and their Th content. flic la/ 

Vithanu-an' )b ratio may be taken as a measure of the extent to which continental crust is 

.<n iV.rr. involved in the. ttwgnia gCIKSB. \ fMw fRMp of andesites the \mnrogv lie’ 

t Hatley, 1981) group — plot in the held of arc-related volcanism (Arculus, 1987), 

Diagrams which Floyd and Winchester (1975) and Winchester and Floyd (1976) proposed a series of 

Jiunmmale diagrams based upon immobile 11FS elements which discriminate between tholeiilit 

between the and alkali basalts. These diagrams are most useful in altered volcanic rocks where 

atkali basalt and standard chemical tests for the iholeiitic and alkali magma scries such as the I AS 

tholentic magma diagram (Section A-2,1) are inappropriate because of the mobility of the alkali metals 

series in aqueous solutions. These diagrams effectively discriminate between magma series 

but they do not allow the identification of tectonic setting. The only exception is 
the TiOj Y/\b diagram, which shows some separation between continental 
tholeiites and MORB. 

(a) The TtO _>■ Y/Nk diagram (Floyd and Winchester, 1975) Alkali I>js,iIk tend to 



Sc/Ni 

Figure 514 'Pbc La/Yb-Sc/Ni discrimination diagram for nmiesiii's faftLT Bailey, 1981) showing ihc 
Adds of Andean-type (active continental margin), continental island-arc. low-K oceanic 
island an and ‘oilier* ocean il island-un. andesites 
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have low Y/Nb, a feature used b> Pearce and (arm (1973) for eliminating them 
from their discrimination diagrams. Thus a plot of TiO> vs V/\h (Figure 5,15) 
shows three fields — MORI), alkali basalts (this includes continental and ocean- 
island alkali basalts) and the continental tholeiitcs. No field is unique but there is 
coils a small amount of overbp, Winchester and Floyd (1976) report that the Y/\b 
ratio is constant during metamorphism and alteration, the only exceptions being in 
the margins of altered pillow lavas and in mcladi dentes. 

(b) The P*0< Zr diagram (Fhyd and if mehtstrr. /V75J Alkali basalts have higher 
PjOjt than thotciitic basalts for a given V.r content and a straigl r tin can be drawn 
separating the two fields (Figure 5.16), There is considerable overlap, however, 
between the fields of oceanic and continental tholetiicx and between the fields of 
oceanic and continental alkali basalts. 



Ftfttn .i./5 The TiO>-Y7\b discrimination diagram fur (malts (adapted from Flovd and Winchester, 
1975), showing ihc fields of alkali basalts; (Aik.), continental thulditcs (Cunt thol.) and 
MORB. 



Figurt 776 The PjO^-Zr discrimination diagram for basalts (after Winchester and Floyd. 1976) showing 
the (kids of alkali basalts and tholeiinc basalts. The ploning coordinates of the boundary line 
are extracted fmm Winchester and Floyd (1976 — Figure 6). 
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I_I_I_I_I_I 

0.02 0,05 0.0*7 0.10 0.15 

Zr/fPjCK x to 4 ) 

Figure \/7 The TiO, 7.r/(P ; (),. x 10 000) discrimination diagram fur basalts (after Winchester and 
Floyd. 1976) shewing the fields of alkali h r n .1 > 'mlcime iu^lt The plotting courdiiutcs 
arc: 


TiOj 

Zr/(P,0, x 10000) 

1 00 

0.020 

2.00 

0-0>4 

3.00 

0067 


(extracted from Winchester and Floyd, 1^7* - Figure 2) 

Tkt TiOg-Zr/PjO s diagram (Floyd and Winchester, 1975) This diagram plots 
the TtO ; content as wt % against ih ntio Zrfppni)/[P 2 O^WT"«] xl(l 0001. It 
serves the same purpose as the Ti-Y/Nb diagram but has the advantage thar 1 i, Zr 
and P 2 Oj arc more commonly determined in h.i-.ilr-. -han are ) .mil \h. There Ls 
almost complete separation between the fields of tholeiitic and alkali ha stills with 
alkali basalts plotting in the field of low Zr/F,0* and high TiCY, (Figure 5.17). 
Winchester and Floyd (1976) found that the Zr/P dD, ratio can change with 
progressive alteration, due ro the mobility of P. This means that this diagram 
should be used with care when applied to strongly altered rocks 

id) The M/Y-Zr/PjOf diagram (Floyd and Winchester . 1975) A plot of \b/Y vs 
Zr/PjOj produces the best discrimination between alkali and tholeiitic basalts. \ 
boundary line separating the i lu Ids from Winchester and Floyd (1976) is shown 
in Figure 5.18. 
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Figure 5.fS The Nb/Y 7m i I\Oj * U) 000) discrimination diagram for basalts (adapted from Floyd and 
Winchester, 1975), showing the held*, of continental and oceanic alkali basalts and thokiilic 
basalts. Tbe boundary line and plotting coordinates arc taken from Winchester and Floyd 
(1976 — Figure II). 

(t) Dkaasion A number of workers <*v iscd this suite of diagrams with varying 
degrees of success. Morrison (1978) found that the P^Oj-Zr. TiOj-Zr/PjQs and 
the \b/Y Zr/P;0|i diagrams all failed to discriminate between hypersthenc and 
ncphclinc normative basalts, metamorphosed at zeolite and grccnschisl facies. All 
the basalts plotted in the tholctite Held, whereas in reality they are probably 
transitional in chemistry between alkali and thuleiitic basalts. Clearly, the diagrams 
of Winchester and Floyd (1975) arc unable to cope with such subtleties. Smith and 
Smith (1976), on the other hand, found that the Nh/f Zr/P^Oy diagram showed a 
close grouping of samples in the tholciitc held and successful!'. . . r: 
metamorphosed basalts from the prchnitc-pumpellyitc facies. 


5.2.2 Discrimination diagrams for basalts based upon major elements 

Discrimination diagrams which utilize the major elements are less likely to be 
successful than those for trace elements, for there is extensive overlap in major 
element chemistry between MORB, back-arc basin tboleiites and volcanic-arc 
basalt* (Perfit et aL, 1980). This is because there is a large number of possible 
variables controlling the dement concentrations and fewer elements to choose from 
Thus it is difficult to identify elements which arc either completely immobile or arc 
unaffected try the effects of crystal fractionation. 
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Thf FI F2 FS Pearce (1976) calculated discriminant functions hived upon the eight major element 
Jutt*m 3 'f oxides StO., FiO., \l.(FcO (recalculated from total Fc), MgO, CaO. Ni-O and 
J I. Pfjnt KjO and prevented discriminant diagram', to idcntil) MORB, within plate basalts 
(fO'fij (ocean-island/continental basalts), calc alkaline hiults, island arc iholciitc* and 
shmhnmtcv Ihc methix) he employed is discussed in Section 2.9. The boundaries 
on the discriminant diagram were bused upon fresh modem basalts (samples with 
FcO/FcjO) < 05 were rejected) in the compositional range 20 wt' > CaO + 


Diacrimin-utl (unsmm I 



Ftguu .s /V (a) Major element discrimination diagram* for basalt-, (after Pearce, 1 *>?<*). shawing the fields 
of wnhin-pbte basalts, MORB, calc- alkali tuvahv, island-an. thokutft and shnvhonitic 
basalts. '11k luotiksn FI. F2 and F3 are defined in ihr erst in toms of eight major element 
oinks I hscrmunaiKNi diagram based upon functions FI and l-'2; the plotting coordinate* 
(extracted from Pearce. 1976 — Figure I) ate 
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DiKrin.injnt ftnvctiuD 1 



Ftfvrr >, /9 |» Discrimination diagram based up<Mi functions F2 and F3; the plotting coordinates 

{extracted from Pearce, 1976 — Figure 2) arc. 
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MgO > 12wt%, with sums (including: ll>0) between 99 and 101%. Three 
discriminant functions, FI, F2 and F3 were identified 

PI = + O'OOOSSiO, - 0 0774TiO 2 + 0.0102 AKO, + O.OOMFcO - O.OOlTMgO 

- 0,014300 - 0.0155Na 2 0 - 0.0007K,0‘ 

F2 = - 0.0130Si0 2 - 0,0185TiO» - 0.0129 At,0 3 - 0,0134FeO - Q.0300MgO 

- 0,020400 - 0.0481Na^O - 0.07! 5 K 2 0 ’ 

F3 = - 0,22l0SiOj - O.OS32TiOj - 0.0361 AUOj - 0.0016FcO - 0.03l0MgO 

- 0.023700 - 0,06l4Na,0- 0.02#9K 2 0‘ 

A plot of FI and F2 separates MORB, volcanic-arc hasalrs, shoshonites and within 
plate basalts (ocean-island basalts and continental tholeiiies) from each other 
(Figure 5.19a). A plot of F2 anil F3 separates island-arc t holed tes, calc-aikali basalts 
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The MgO-FeO- 
AtJ) f diagram 
of T. //. Pearce 
' ei al. (1977) 


5.2.3 


The TtO r KjO- 
PiOg diagram of 
T.H Penrit 
et at. (1975) 


and shoshonites from each either and from MORB (Figure 5,19b). Submarine 
wearhering has a severe effect on these variables and only 46,7 "m of weathered 
samples were correctly classified. The effects of greenschist fades metamorphism 
arc less significant. 

Pearce ei ai. (1977) used a data file nf 8400 analyses of recent volcanic nicks to 
discriminate between basalts from different tectonic environments on the basis of 
chertr major element chemistry. This diagram is dift’erent from most others 
described in this chapter because it applies to rocks in the silica range 51 56 wt °h 
(analy ses recalculated dry), i.e. for subalkalinc basalts and basaltic andesites. Pearce 
et al. (1977) found that the oxides MgO, AljOj and FcO (total Fc recalculated as 
FeO) were able to discriminate between the following tectonic environments, ocean- 
ridge and Hour basalts (MORB); ocean-island basalts; continental Iwvalts; volcanic- 
are and active continental margin ’s.is.ilt-. lorogenic basalts in the terminology of 
Pearce et at., 1977); spreading centre island basalts (c.g- Iceland, Galapagos). I lu- 
boundarics between the different fields arc shown in 1’igure 5.20, 

The diagram works well for fresh, modem suhalkaline volcanic rocks in the 
given silica range and the similar weight per cent of each of the oxides plotted 
means that there Is minimal distortion in the projection. Alkali basalts from all 
environments plot in a single, but distinct, elongate field stretching from the 
continental basalt/sprcading centre island-/volcanic-arc basalt triple point 
towards the AljOj comer and overlap a number of the suhalkaline basalt fields 
This means that alkali basalts cannot be plotted on this diagram and should Ik* 
screened out using the TVS diagram of MacDonald and Kitsura (1964) (Section 
3.2. b. 

The usefulness of the diagram is limited hy the relative mobility of the major 
elements in basalts Pearce (1976) shows for example that MgO and FcO are mobile 
in submarine weathering, and MgO and \FO ; are mobile during grecnsehi>r facies 
metamorphism \ further factor which should be considered when using this 
diagram is rhe extent to which basalts might move across field boundaries during 
crystal fractionation 


Discrimination diagrams for basalts based upon minor elements 

The advantage of using minor elements (Ti, Mn, P, K) as discriminants between 
basalt types is that the minor dements are more readily detected and more 
accurately determined than trace elements. Two of the methods outlined below can 
be used with elements whose concentrations can be adequately determined with 
\RF techniques. A third method requires the accurate determination of HjO and 
applies only to volcanic glass. 

The chief merit of the TiO> K^O-PjOj discrimination diagram ol Pearce et al. 
(1975) is that it claims to differentiate between oceanic and continental basalts. 
Most trace element discriminant plots allocate ocean-island and continental flood 
basalts to the same field making it difficult to distinguish between the two. Pearce et 
al (1975), in an empirical study, found that it was possible to discriminate between 
oceanic and non-oceanic basalts with a single straight boundary line on a 
TiOj-lCjO-PjOj triangular diagram (Figure 5.21). Their field of oceanic basalts 
includes MORB and the shield-building stage of ocean islands. The field of 
continental basalts successfully classified four out of six trial data-sets correctly 
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Ftptrt 5 20 The M|0-P<O|>rfAli0^ diagram (after Pearce tt ul,, 1977) showing the discriminant 
boundaries for a range of leciMiic vettings based upon the compositional range of recent 
vulcanic rocks The diagram can only be used with subatkaline rocks in the silica range Si0 2 
- 51-56 vt % (calculated dry) The positions of the triple points are those given by Pearce tt 
at. (1977). They are 
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The other plotting Ooonttnstev n > vtraded from Pearce tt at, (1977 — Figure I). 

.llthuugh Duncan (1 ,J H7) found tlui •. < ntun otal-flood basalts from the Karoo 
igneous province arc frequently mis-assigned. 

The diagram does not work for alkali basalts and so samples must first lie plotted 
on a weight per cent AFM diagram — (Fc>0‘ ♦ FcO)-MgO--(Na 2 0 + KjO) — 
(Section 3-3.2) and values with W greater than 20 % screened out. Another 
limitation is that KjO is mobile and so concentrations may be variable in altered 
and metamorphosed rocks (Morrison, 1978; Smith and Smith, 1976), Pearce tt at. 
(1975) assume that this will have the effect of increasing the K*0 value, in which 
case sample compositions will move towards the KjO comer nf the triangular 
diagram into the continental basalt field, Altered rocks which plot in the oceanic 
field therefore can be identified as oceanic with some degree of certainty ilrl 
the result should be checked on another plot which uses immobile elements. 
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Ftf*rt S.H I he TiOj-KjO-PjO) dmrimtiuiwo diagram foe tuvilis (jfWr Por« ft <tf , WJ) 11m 
diagram 'v pi.[ suitable for fiuiK iukd jnJ jUjIiw biviu (krinn faults MORU and 
>*cjnid.ind biultil pt«K near the TiO> apes, imn oceanic ba-utii. plot below ihe boundary 
line The coordinates (guen by the aurhors) of ihc bouiulaiv line separating oceanic and 
continental halite are K () 5 , I iOj >4.5 %. I',<>. 0 V and KgO 0%. TIO, 7?.6%» 

Fd), 20.4 %. 


7V .IfnO 11« calls .mil basaltic andesites in (he silica range 45 54 wi “b Si()» can be subdivided 

JiO* on tin basic of their NlnO, TiOj and I’d) ismn•Mir.itMm mil-i n billowing types: 

Marram <*j MOR11; ocean-island iholdilcs; ocean island alkali basalts; island-arc tholciitcs 
If(i Men (J9U3) talc alkali basalts (Mullen, 1983). The boundam-s defined in Figure 5.22 are based 
upon an empirical study of S07 published bolt analyses MnO and P»Oj values arc 
imifeiptkd by 10 in order to exp a n d the plotted (kldt and although Aik also 
amplifies the arulytical mors for MnO and P/) t , the enhanced cm«n Mill do not 
exceed the width of the fields. It should be noted, however, that the composition.!] 
ranges for these dements are small — the mean values for all basalt types are in the 
range MnO OlbO.24 wt%. P,Oj 0.14-0.74 »(<*> and TiO, 0813.07 wi% — 
and require accuracy of measurement 

Mn and Ti are readily accommodated in fractionating phases in Imiln, Mn in 
ohvrne, pyroxenes and titanamagnetitc anJ 11 in titanomignctitc and pyroxenes 
Thin difference* between volcanic-axe nuptut and oceanic basalts may be 
explained in terms of different patterns of fractional cry stall watwxt P*0< 
abundances, on the other hand, are related to either the magma source or the degree 
of partial melting. The elements Mn. Ti and P are relatively immobile and 
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Figure 5.22 The MnO-TiOj-PiOt discrimination diagram for basalts and basaltic andesites (45-54 wt b.< 
Si()>) (after Mullen, 1983). The fields are MORB; OrF ocean island ihnlcnte or seamount 
ihale»tic, OIA — ocean-island alkali basalt or scanuHint alkali basalt; CAB - island-arc 
calc-alkaline basalt. LAT — island-arc tholciitr; Lion — bonmitc. The boninite field occupies 
lhe MnO-rich sector of the CAB held. The plotting: coordinates (extracted from Figure I of 
Mullen, 1983) for constructing the boundary lines on the triangular diagram are as fallows; 
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insensitive to hydrothermal processes in the temperature range of the grecnschtst 
facies, although in carbonated rocks Mn-Ti-P relationships arc thought to be 
unreliable. 

A diagram which identifies back-arc basin basalts has been proposed by Muenow ct 
at. (1990) on the basis of the KjO> TiO> and HjO content of volcanic glasses. Back- 
arc hasin basalts and MORB plot with a K^Q/J IjO ratio of < 0.70, and ocean-island 
basalts and volcanic-arc basalts have K»0/H>0 ratios of > 0.70 (Figure 5.23). 
MORB and back-arc hasin hasaltic glasses have overlapping fields although the 


The K 2 O H£> 
diagram of 
Mutitnw et at. 
(1990) 










Discriminating between toctomc environments 


aoe 



hptre S-23 The kiO -H ,< > J i-scrimination diagram for basalts (after Murnow tt at., 1990). The field* of 
MORB, OIB (ocean-island basalt), BAB (back-arc basin basalt) ami Arc (vokantc-arv hasalrv) 
are from Muenovi tt at. (1990). The fields of fore-arc boninitev and fore-are rholeiucs are 
taken from Bloomer and Stern (1990), 

back-arc basin field is much more extensive than tlul of MORI). Water analyses 
were determined on (resit volcanic glasses by high-temperature mass sprctmmctty 
and represent water released above 600 r C and in many samples above 750 °C, 
The small degree of overlap between MORB and back-arc basalts means that the 
diagram (Figure 5.23) can usefully separate the two. There is, however, extensive 
overlap between biek-arc and fore-arc basalts (Bloomer and Stem, 1990). 


5,2,4 Discrimination dtaqrams for basalts based upon clfnopyroxene 
composition 

The composition of clinopyroxcncs varies according to the chemistry of their host 
lavas. This is particularly true for clinnpyroxcnc phcnocrysts, whose compositions 
reflect the chemical, differences that exist between different hasaltic magma types 
more closely than da gmuiulrnass compositions This property has been used as a 
discriminant for basalts from dilfcrcnt tectonic settings and offers much promise in 
altered basalts in which the cons, of dinopyroxenc phcnocrysts may be chemically 
unchanged. A proposal by Nisbct and Pearce (1977) based upon the oxide 
concentrations MnO-Ti0 2 -N.i 2 0 in clinopyroxenes has been superseded by rhe 
Ti-Cr-Ca-Al-Na plots of Leterrier tt ai (1982). 

Internet tt at. (1982) criticized the diagram of Nisbet and Pearce (19*7) on the 
grounds that it was based upon a small number of analyses, some of which were 
groundnuts dinopyroxcncs, and that two of the three chemical discrimiru nt>. MnO 
and iNa*0, were often at levels close to the detection limits in electron microprobe 













Discrim nation diagrams for rocks of granitic composition 


201 



Ftjttitf 5.2-t Dncrimin.ition diagrams far clinupyrovcnc phcnucrysts in ha-alts (after Leterrier tl a/.. 

1982), Qinopynmne compositions arc expressed in cations (ter six toyfois. (a) Ti s% 
(Cj+.Vj) plot show mg flic fields of alkali basalts (A) and tholciitic and calc-alkali basalts (V). 
The equation ni the lime separating the two fields is ; _ -U 4r + 0,38; (b) (Ti+Cr) vs Ca plot 
showing the Adds of MORB anil other tholeiites from spreading tone* (D) ami vulcanic arc 
basalts (O). The equation fur the line separating the two fields is y = -O.ORr - 0.04; (c) Ti vs 
toul-AI plot showing the field* of calc-alkali basalt iC) and island-arc thokiite (I). The 
equation of the line separating the two fields Lx y = 0.ll7^r - II ll\ 

analysis, They proposed instead .i series of diagrams based upon rhe elements Ji, 
C'r, Ca, Al and \‘a drawn from a larger analytical database (Figure 5.24). Three 
diagrams are presented which progressively discriminate between alkali basalts, 
spreading centre tholeiites and island-arc basalts. Qinopyrtrxcnc analyses arc 
recalculated as cations to six oxygens -and only analyses mrli r.orc than 0.5 alums of 
Ca per formula unit should be used IV 1 * and Fe 1 * are calculated to provide 
stoichiometric proportions (sec Climeron and Hapike, 1981) The first diagram 
(Figure 5.24a) uses a plot of Ti vs (Ca + Na) and discriminates between alkali 
basalts (A; ocean-island and continental, alkali basalts) and tholciitic and calc alkali 
basalts T. The second diagram (Figure 5.24b), a plot of (Ti + Cr) vs Ca» separates 
clinopyroxenes from mm-.ilkali basalts into non-orogenic basalts (D; MORE, ocean- 
island tholeiites and back-arc basin tholeiites) and volcanic-arc basalts (O). The final 
diagram (Figure 5.24c), a plot of Ti vs total Al, separates clinopyroxenes from 
volcanic-arc basalts into calc alkali basalts (Q and island-arc tholeiites (I), 

These diagrams should not be used with a single clinopyroxcne analysis; rather, 
Leterrier et uL (1982) recommend that a minimum of 10 but if possible more than 20 
analyses should be plotted before a meaningful result can be obtained. The method 
is thought to work in mctabasiUx up to green schist facies; thereafter tlmopstuxcnc 
compositions arc modified by metaniorphic reactions. 


5.3 Discrimination diagrams for rocks of granitic composition 


T’hc first systematic study of the geochemistry of granites from known tectonic 
settings was nude by Pearce tl al, (1984), who defined the term granite very 
loosely as ‘any plutonic rock containing more than 5 per cent of modal quart/. 
They classified granites into ocean-ridge, volcanic-arc, wilhin-platc and collision.)! 
types, each category being further subdivided as shown in Box 5.2. A prelimm irj 
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survey of trace clement concentrations plotted against silica content from a suite of 
600 selected granites revealed that the elements V, Yb. Rb, Ha, Jv. Nb, Ta, Ce, Sm, 
Zr and Ilf most effectively discriminate between granites from different tectonic 
settings. These variables are used by Pearce ft at, (1084) in two suites of variation 
diagrams m lLv|y granites according to their tectonic setting. 


&ox 5.2 


Granfto types classified according to tectonic setting (after Pearce ef a/,. 1984] 

Ocean ridge granites IORGI 

Granites associated with normal ocean ridges 
Granites associated with anomalous oceanic ridges 
Granites associated with back-arc basin ridges 
Granites associated with foro-arc basin ridges 

Votcaruc-arc granites (VAGI 

Granites in oceanic arcs dominated by tholoiilie basalt 
Granites in oceanic arcs dominated by calc-alkali basalt 
Granites in active continental margins 

Within pltr re granites WPG] 

Granites in intraoontinent ring complexes 
Granites in attenuated continental crust 
Granites in ocoanic islands 

Collisions! granites (COLGJ 

Syn-tectonic granitos associated with continent-continent collision 
Post-tectonic granites associated with continent-continent collision 
Syn-tcctonic granites associated with continent-arc collision 


5.3 1 Discrimination diagrams for granites based upon Rb-Y-Nb and 
Rb-Yb-Ta variations (Pearce at at., 1984) 

From the list of elements given above, the elements Rh, Y (and its analogue Yb) 
and Nb (ami its analogue Ta) were selected as the most efficient discriminants 
between most types of ocean-ridge granite (ORG). within-plate granites (W PG), 
volcanic-arc granites (VAG) and syn-eollisional granites (syn-COLG), P»st- 
mugenic granites and one group of ocean-ridge granites — the supra-subduction 
zone, fore-are basin granites - ■ give a more ambiguous result., Posr-orogcnic 
granites cannot be distinguished from volcanic-arc and syn-callisiorwl granites on 
the diagrams below but they can be identified on the Hf Rh-Ta diagram discussed 
in Section 5.32. Supra-subduction ?nne granites can only be identified successfully 
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r\£ur<c 5*25 fa) The Nb-Y discriinmatuin diagram lor granites (after Pearce tt a/., 1984}, shoeing the 
fields of volcanic arc granites (\ AG), syn-colksiunal graniten (ftyn-COLG), wuhin-platc 
granites (WPG) mid ocean-ridge granites (ORG) The broken line is ik ftdtl boundary far 
ORG from anomalous ridges, The plotting coordinates (Y.\b) are as fallows (after Prarcc et 
uL, 1W4) MOW to 50,10; 40J to 50,10; 50.10 to 1000,100; 25,25 to 1000,400; (h) The 
Ta-Yb discrimination diagram far granites (star Pearce ft */,, 1W), shoeing the fields of 
volcanic-arc granites (VAG), syn-colliswnal granite?. (svn-COLGh WUhin-pbic granites 
(WPG) and ocean-ridfe granites (OKII) The broken line is the field boundary for OR(i 
from anomalous ridges, The plotting coordinates (Yb, la) are as follims (after Pearce ri 
1984): 0.55,20 to 5,2; 0.1,0.35 to 3,2; 3,2 to 5,1; 5,0 5 to 5.1; 5,0 05 to 100,7; 3,2 rn 100,20 




Figmt 5,36 (a) live Rb iY + Nb) discriniinatiim diagram fur granite* (after Pearce a *£, 1984) shoeing 

the fields of svr mlisinnal granites (syn G0L6), within plate granites (WPG), Tttkiflk-arc 
granites (VAG) and ocean-ridge granites (ORG). 'Hie platting coordinates |(V + \b), Rb] 
fur the field boundaries (taken from Pearce rr at , 9 1984) arc 2,80 to 55.300; 55,300 id 
400,2000; 55,3W id 51.5,8; 51.5,8 to 50,1; 51 5,8 to 2000, 400. (b) The Rb-<Yb + Ta) 
discrimination diagram for granites (after Pearce ex at,, 1984), showing the fields of syn- 
collisiorui granites (syn-COI.G), within-phte granites (WPG), \o!eanie-arc granites (VAG) 
and ocean-ridge granites (ORG). The plotting coordinates [(Yb + Ta). Rb] for the field 
boundaries (taken from Pearce ft *rA, 1984) arc: 0.5,140 in 6,200; 6 r 2flO to 50,200; 6,200 u> 
6,8; 6,8 to 6,1; 6.8 to 200,400. 
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The \h- >' unit 
Ta-) h discrim ~ 
main m diagrams 


The Rh- 
(Y + i \'h) and 
Rb ( Yh + Ta) 

discrimination 

diagram 


figure \27 (a^ 


when there is geological evidence for an ocean selling They may then be identified 
on nn Nb Y diagram from their lower V content, 

A bivariate plot of Nb and V can be subdivided into three ii.l ; iiv ■ < li weenie 
granites (ORG), within-platc granites (WPG) and volcanic-arc granites (\ \<_i) 
together with syn-cnllisional granites (syn-C'OLG) plot (Figure 5.25a). A similar 
plot tor Ta and Yh allows the fields of syn i ollisional and volcanic-arc granites to be 
separated (Figure 5.25b), The plotting coordinates for the fiirld boundaries arc given 
in the caption to Figure 5,25. 

A bivariate plot ol Rb and (Y + Nb) more efficiently separates syn-collisional 
■_;i.uni-. -, from vulcanic arc granites. I lure is also a clear division between within 
plate and oceanic granites on rhLs diagram (Figure 5.2ba), I he analogous plot using 
(Yb + Ta) along the r avis of the bivariate plat produces a very similar set of fields 
(Figure 5,26b). 


Rb/io 



The lif-Rh/ll) Ta x 3 discrimination diagram for granites fairer Harris tt at., IVS6), 
showing the fields fur vulcanic-art (rraniies, wirhin-ptaie granircs jthI occan-rid^c granites. 
(Irani ivs from a cullivianil tectonic setting plot across the held boundary between volcanic - 
arc and witliin-pUiv granites, The plotting coordinates arc extracted from Harris el ui. (1986 
- Figure I). 
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5.3.2 Discrimination diagrams for granites used upon Hf-Rb-Ta variations 

A trivariatc plot of Hf-Rb/IQ~Ta x 3 (Figure 5.27a) discriminates between ocean- 
door granites, volcanic-arc granites and within-plate granites, .ilih > :li < :> li-m-i 
granites scatter across the volcanic-arc/wilhin-plalc boundary (I [arris el at., 1986). 
A modification of this diagram to expand the field of collisional granites using Hf, 
Rb/jO and Ta x 3 (Figure 5.27b) allows this particular group to become distinctive 
and permits their subdivision into svn-collistona] granites and post-coUistonal 
granites. These two groups can also be recognized on a bivariate plot of the Rb/Zr 
ratio against SiO^ although in this ease there is extensive overlap between the post- 
col lision.il granites and volcanic-arc granites. 


5.3.3 A measure of arc maturity for volcanic-arc granites 

Brown el at. (1984) found that with increasing maturity, volcanic-arc granites are 
enriched in the dements Rb, Tb, L. Ta, Nb, Hf and \ and depleted in the 
elements Ba, Sr, P, Zr and Ti. I he> showed that a bivariate plot of the ratio Rb/Zr 


Rbrjo 



Figure ,>..7 (b| The Ilf-Rb/JO-Ti x 3 discrimination diagram for granites ultu II.ms o' .n', 1996), 
shutting the fields for volcanic-arc gramies, within plate granites, Syn-colhsionaJ granites and 
late to post-colitsiotul granites. The plotting coordinates arc extracted from Hams el at. 
(I9S6 - Figure 6). 



20G 


Diacnminatiisfl between tectonic envuonmcnla 


against either Nb or V showed a positive correlation in which valuer inan» with 
increasing arc maturity. 


5.3.4 Discussion 

As with all discrimination dugnmv the suite ot diagram for granitic rocks cannot 
he used without giving some careful thought to the effects of element mobdity and 
crystal fractionation. For example, Rb is used in several of these diagrams and yet is. 
,i very mobile element in hydrothermal fluids. Rh was chosen on the assumption 
that the effects of element mobility arc much lens in granitic rocks than in basic 
rocks, chiefly because granitic rocks arc generally less altered, 1 lowever, esamples of 
Kb mobility are known (see. for example, Mukssa and Henry, 1990), and will give 
erroneous results. 

Pearce et at. (1984) consider the effects of crystal accumulation in granites and 
show that the dilution effect of plagioctuc accumulation may shift granites from the 
within-plate and ocean ridge fields into the volcanic-arc granite held on the Nb-Y 
and Rb-(Y + Nb) plots (Figures 5,25a and 5-tta). In a similar way. volcanic-arc and 
vyn-colltMOiul granites may be shifted into the within plate or oceanic granite field 
through the accumulation of ferromagnrsun and minor phases 

Twist and Manner (1987) applied the RMY ♦ Nb) and Nb Y diagrams to the 
Protem/OH Bushvcld granites and associated fclsitc Lavas. Their study raises two 
rather different but important paints. Firstly, these diagrams can he applied to 
Iclxitic lavas as well as to plutonic fclvic rocks, provides! the lavas arc not 
contaminated Secondly, they found that differences in trace element chemistry 
could be just as much a function <•' i m hi. c chemistry as of diUcrmcc* in 

tectonic environment 


5,4 Discrimination diagrams for clastic sediments 


Plate tectonic processes impart a distinctive geochemical signature to sediment* in 
two separate ways. Firstly, different tectonic environments have distinctive 
provenance characteristics and, secondly, they arc characterized Uv distinctive 
veil inventary processes. Sedimentary basins may be assigned to the fallowing 
tectonic settings (Bhatia and Crook. 1986): 

Oceanic island-arc — fore-arc or back-arc basins, adjacent to a volcanic-arc 
developed Ofl oceanic or thin continental crust. 

Continental island-arc — inter-arc. fore.arc or back-arc basins, adjacent to a 
volcanic-are developed on thick continental crust Of thin continental margins. 

Active continental margin — Andean-type basins developed on or adjacent to 
thick continental margins. Strike slip basins also develop in this environment. 

Passive continental margin rifted continental margins developed on thick 
cun linenul crust on the edges of continents; sedimentary basins on the trailing 
edge of a continent. 
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Collision*! setting sedimentary basins developed on thick corn mental crust. 

Rift setting intcrcratonic basin developed on thick continental crust. 

Li. 4. T DiscrirniMialio- diagrams for clastic sediments using major elements 

Three types of discrimination diagram arc described below lor sedimentary rocks, 
based upon maiur element chemistry \ further discrimination diagram identifies 
sedimentary provenance. 

'Yk( uifirtstonc lllialin (1983) proposed a discrimination diagram based upon a bivariate plot of first 
diurimmant and second discriminant lunciionv ul major element analyses o! 69 Palaeozoic 

furtition diagram sandstones {Figure 5.28). The sandstmies were chosen to represent four different 

(Bfiaiid , 1983} tectonic settings, assigned on the basis of comparisons with modern sediments "I I 
four fields thus defined (Figure 5.28) were then tested with modern sediments 
collected from known tectonic settings. This approach is of course the inverse of 
that used for igneous rocks, for normally a discrimination diagram is produced from 
suites of samples whose tectonic setting i_s known, not the other way round. 

Whin this diagram is used, samples with a high content of (La() as carbonate 


-3.S -0.5 



5 -03 0 >3 5 

Discriminant function 1 


Ftfurr 5.28 The discriminant function diagram for sandstones {after Bharia, 1984), showing ticlds for 
sandstones from passive continental margins, <Kcanu island ares, continental island-arcs and 
active continental margins. The discriminant functions arc as follows: 

Discriminant funvtinn l “ 11 ot-)7 SiO* - 0.972 TiOj + 0.008 Al*0, - 0.267 FcjOj 

+ 0.208 FeO - .1.(182 MnO * 0.140 MjcO + 0.195 CaO 
+ 0.719 NijO - 0.032 K,Q + 7.510 P,(> 5 + 0.303 
Discriminant function ' 1 II 421 St i t ' rsy, j ,f) 0526 AI.O :i.5sl Fc»() 

- 1.610 FeO f 2.720 MnO * 0.881 MgO - 0.907 CaO 

- 0.177 \a ? 0 - I S40 K : 0 + 7,244 P,0 4 + 43.57 

{from Bhstia, 1983 — Table 3). The plotting coordinates arc rvir-jctcd from Bhaiu (1983 

— Figure 7). 
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Figure 5.29 Discrimination diiptim for nmlMuncs (after Dhaiia, 1983), based upon (a) a bivariate plot of 
TiOj vs (FtjOjjm, + MgO) and (b) a bivariate plot of AI^Oj/SiQj vs fFcjQj^ + \lg(>) 
The fields are uscanic island-arc, continental island-arc, active continental margin and passive 
margin 


must hr corrected Inr carbonate content, I laugh ton (1988), in a study of an ancient 
arc terranc from California, and Winchester and Max (1989). in a study of a 
Proterozoic ensialic basin, all found that this diagram misclassified their sediments. 


Bivariate pirn 
as tamhtone 
ihunmtmtioH 
diagrams 
(Bhatta, 1%’S) 


Modem tandator ■, in•■m i* i m c ami continental -ire's and active and passive 
continental margins arc variable in composition, particularly in their FcjOj^, 4* 
MgO, AUO./SiO., k.0/\a 2 0 and Al/>j/(CaO + \ap) contents Bhada (1983) 
ii -l il this chemical variability lo discriminate between the different tectonic settings 
on a series of bivariate plots, two of which are shown in Figure 5.29. 


The K 2 0 /Ka 2 0 

vs Si Oj 
sandstone mud¬ 
stone discrimin- 
ittian diagram 
(Rater and 

Koruh. 198b) 


Provenance 
signatures of 
sandtmit 
muduone suuet 
using major 


Three tectonic settings — the Passive continental Margin (PM), the Active 

... Margin (ACM) and t ••. ■ ■i«.auic island-ARC (ARC) — jrc recognized 

on the KjO/.NajO SiOj discrimination diagram of Koscr and Korsch (198b) 
(Figure 5.30). Chemical analyses of ancient sediments whose tectonic setting had 
been inferred were taken from the literature and recalculated dry to ensure 
comparability The Helds thus defined were then tested against modern sediments 
from a known geological setting. However, because the chemical composition of 
sediments is influenced in part by grain size, Koscr and Korsch (1986) plot 
sand-mud couplets from single sites for modem sediroem ; ■ t validity of 

their diagram for muds as well as for sands. Generally sediments plot where 
ex pect e d, although fare-are sands plot in the ARC- field whilst the associated muds 
plot in the ACM field. Where sediments arc rich in a carbonate component, the 
analyses were recalculated CaCO ; -free Failure tu do this will shift samples tu lower 
StO, values and from the passive margin field into the volcanic-arc field. 

A discnmm.inr function diagram has been proposed bv Roser and korsch 1 1988) to 
distinguish between sediments whose provenance is primarily mafic, intermediate 
or fclsic igneous and quartzosc sedimentary. Their analysis was based upon 2*18 
chemical analyses in which AFOj/SK)^ K,0/\d,() and l ? c,O t;iui) + MgO proved 
the most valuable discriminants. A plot of the first two discriminant functions based 
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elements (Rater 
iiitJ Konck, 

im) 


5.4,2 


Greyrrackct 


Figure 5.30 


Spider diagrams 
as discriminants 
oj tectonic setting 
for shales 


upon rhe oxides of Ti, Al, Fc, Mg, La, Na .md K most effectively differentiates 
between the four provenances (Figure 5.31). The problem of biogenic CaO in 
CaCOj and also biogenic Si0 2 is circumvented by using ratio plots in which 
discriminant functions arc based upon the ratios of TiO,. Fe 2 0 ;||ll|) , MgO, \a 2 (> 
ami K>C> all to AI 2 Oj (Figure 5.32). The ratio discrimination diagram is not as 
effective as the one based upon, the raw oxides. 


Discrimination diagrams for clastic sediments using trace elements 

l nlike igneous rocks, where most discriminant diagi.m .-n- !>. nyen trace 
dement chemistry, diagrams or this smi ate m rluu- infant y in sedimentary 
gcochcmistrv Instead, some use can be made of multi-element plots of the type 
described in Section 4,4. 

Bhatia and Crook (1%6) identified the elements La, Th, Zr, Nb, Y, Sc, Co and Ti 
.is ibe most useful in discriminating between grey wackcs from different tectonic 
environments. Distinctive fields for four environments — oceanic island-arc, 
continental island-arc, active continental margin and passive margin arc 
recognized on bivariate plots . ' F -,s Th, La/V vs Sc/Cr, '1 i/Zr vs I .a/Sc at u i- 
trivariate plots La Th-Sc„ Th-Sc-Zr/10 and Th Co-Zr/10. On a Ia-Th-Sc plot, 
the Ijclds ur active continental margin sediments and passive margin sediments 
overlap, hut the L Li -Zr/10 shows complete separation (Figure 5.33). 



The log (KiO/NayO) w S*0 ; discnniinarion diagram of Rover and Korveh (1986) for 
sandstone-mudstone suites and showing the fields foe a passive continental margin, an atiive 
continental margin and an island-art I hc pinning coordinates for the field boundaries hsvt 
been extracted fmm Reiser and Korseh (1986 — Figure 2i 

Shale-normalized spider diagrams were shown to be distinctive for shales deposited 
in vi.i-.iiii. idamh.ircs, p.-.svjxe continental margins and destructive margins 
v:nrmental island-arcs and active coniiiiciv.il m.iryin.sh W inchester and Max (1*W) 
emphasize that their approach is preliminary for the results are based upon only a 
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Figure $.3f 


small sample set. Oceanic arc profiles arc characterized by depletion in many 
dements relative lo post Archaean continental shale (Table 4.(j), whereas 
continental arcs and active margin samples have higher LLL concentrations and a 
broadly curving profile. Passive margin profiles are similar to post-Archacan 
continental shale and therefore have a fiat trend. 

Cullers et at. (1988) showed that the immobile elements La and Th arc more 
abundant in fclsic than in basic rocks, but that rhe opposite is true tor Sc and Co. 
Ratios such as La/Sc, Th/Sc, Th/Co, La/Co, Ba/Sc and Ba/Co, therefore, in 
sand-sized sediments allow a distinction to be made between a fclsic and a mafic 
source. However, such ratios should be interpreted in terms of provenance with 
care, for the ratios can be fractionated during weathering and transport and may be 
strict Iv valid onlv for local I v derived sediments Reeve led sediments and those from 

l • 

a mixed source arc much more difficult 10 interpret, 



Difcrimaiuiu function s 


Discriminant function dpgram fur ihe provenance sip natures of sandstonc-mudstOIH? suites 
using major elements (after Roscr and korsch, 1988} Fields tor dmninaml) mafic, 
imermedute and fclsic igneous provenances arc shown with the field for a quart zone 
sedimentary provenance The discriminant functions are 

dtscnmmani function I = —1,7731102 + 0-607 AItOj + 0-76FctOi <llrt4lJ 
- I 5MgO ♦ 161600 + o. vN\ n \2l4KjQ - 9.09 
di^rimiium function 2 = O k 44STiOj + O.OtfAI^Oj — 0,25FciO^ lo1lt j 
f l42MfO ♦ 0,43800 + MTSttyO *■' i ,42t«K>0 - 6 861 

(Data from Rover and Korsch., 1988 — Table II: pl-mm; «*>: r.linatrs extracted fnun Rnser 
and Kortch, 1988 — Figure 4.) 
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t'tfure f 32 I hvcriminam function diagram for the provenance signatures of sandswiK* nuuktonc suites 
using major dement ratios (after Roscr and Korsch, FJ88). Fields for dominantly nutn. 
intermediate and fclsic igneous provenances are shown with the field lor a quartzose 
sedimentary provenance. The discriminant functions are 

discriminant function ( = .lO.bJSTiOj/AljOj - IZ^IFcjO^q/AI^O] 

i- 7 3Z9MgO/AI 2 Oj + 12.031 Na 2 0/Al 2 0 3 + 35.402K>O/AI,O, - 6.382 
discriminant function 2 = 56.5O0Ti(),/AI|O., - lO.STM'e^Oj^^/AIjO, 

+ m875MgO/AI.O, - 5.4MNajO/AljO) + II.IHKjO/AljOj - 3.89 

(Data from Rover and Korsch (1988 Cable fV). plotting coordinates extracted from Rover 
and Kursch, 19SS — Figure 9). 


5.4.3 Discussion 

The underlying assumption of geochemical discrimination diagrams for sedimentary 
rocks is that there is close link between plate tectonic setting and sediment 
provenance. Largely this is true and the chief successes of the technique arc with 
immature sediments containing a significant volume of lithic fragments from which 
provenance and hence tectonic setting may be identified. However, there is one 
major area of uncertainty, for some sediments are transported from their tectonic 
setting of origin into a sedimentary basin in a different tectonic environment 
(McLennan r( *ii., 1990). This observation means that users of discrimination 
diagrams lor sedimentary rocks must be cautious in their claims for the original 
tectonic setting of a sedimentary basin. 
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Figures.}} (a) La-Th-Se discrimination diagram for grcywackcs; (b) Tb-Sc-Zr/10 discrimination 
diagram for grcywackcs (after Uhatia and Cruok, 1986). The fields arc. A, oceanic island-arc, 
B, continental island-arc; C, active continental margin; II, passive margin 


5.5 Tectonic controls on magmatic and sedimentary geochemistry 


The underlying tectonic controls on the chemistry of magmatic and sedimentary 
rocks is an issue much wider than that of discrimination diagrams, for a large part 
of modem geochemistry ^ ultimately concerned with this very problem. This then 
poses for us a question over the value of tectono magmatic discrimination diagrams. 
Have they been superseded or arc they still ,i valuable shorthand way of detecting a 
particular tectonic environment? 

1 l j i be argued that the more we learn about modem tectonic environments, 
iri particular the controls on their trace element arid isotope geochemistry , the more 
complex they appear to Ik- and the less confidence we have in precisely 
fingerprinting them and then identifying them in the ancient record. Certainly the 
medium of a bivariate or tmariatc variation diagram used to distinguish different 
tectonic environments might be thoughr too simplistic Some would go as far as 
Murrison (1978) and argue that discrimination diagrams should be 'treated merely 
js a species of variation diagram; useful in identifying magma types and their 
evolutionary trends, but nai as indicators of their palacotcctonic environment’. 

On the other hand, different tectonic environments do have distinctive 
geochemical signatures and, tf carefully used, geochemical data can he used to 
extract important environmental information from ancient rocks. Thus some type of 
geochemical variation diagram can be used to assign tectonic environment. W eaver 
(1987) hxs suggested that spider diagrams arc the modem descendants of 
discrimination diagrams. 

The quandary facing lire user ot discrimination diagrams is that Monk 
environments do uften carry a geochemical fingerprint but some of the fingerprints 
arc not unique. Two possible solutions may be found and they arc outlined here in 
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rlns final suction. Firstly, all available information may be put together to give a 
probable view of the former tectonic environment. This is the expert system 
approach described in Section 5.5.1. The other alternative r- to ike a hard and 
critical loot, at discrimination diagrams and only use the ones which are likely n» 
provide a meaningful result. This approach is discussed m Section 5.5.2. 


5.5.1 An expert system for identifying the tectonic environment of ancient 
volcanic rocks (Pearce, 1987) 

\ i Ideal wav In which to incorporate all the information embodied in the 
discrimination diagrams described in (his chapter is to use a computer-based expert 
system. \n expert system is a computer system which Is able, on the basis of a 
predefined knowledge base, to make intelligent decisions about that particular Held 
of knowledge. Pearce (1987) described the prototype of such a system — known as 
ESCORT developed lo identify the tectonic environment of eruption of ancient 
volcanic rocks. 

The method is multidisciplinary and requires information about the field 
relationships, petrology and mineralogy as well as the geochemistry of a suite of 
volcanic rocks. This integrated approach obviates some of the errors which can arise 
from the use of geochemical data alone. From the knowledge base the computer 
assigns each rnck to a magma-type (basic, intermediate or evolved) and to a 
particular tectonic environment of eruption. The expert system as designed by 
Pearce 11987) also assigns probabilities to the decisions made in terms tif the likely, 
most probable, possible and unlikely tectonic setting. Thus, in a suite of volcanic 
rocks each sample is assessed and designated lo a tectonic environment but then a 
cumulative assessment is made of the whole suite and its probable tecro >. vum;: 

The knowledge base contains information on rock-type associations drawn from 
the Phancrozoic record, phenocryst assemblages in different magma types and the 
association between trace element chemistry and tectonic setting, field evidence 
uses information from sediment- associated with the volcanic assemblage, but also 
uses estimates of the proportions of baste, intermediate and evolved lav as erupted in 
each environment since the I’h.incmzoit , ami a measure of the probability of their 
preservation. The petrological and geochemical parts of (he knowledge base uses the 
presence or absence of an iron enrichment trend and trace element data for TiO>, 
Zr, Y. Nb, P 2 O s and Cr. 

This approach, albeit only a prototype, has the potential for expansion to include 
more elements (Hf, Th, l a, V, Ni, Sc and the REK) and to include the information 
fniim sedimentary as well us volcanic rocks. 


5.5.2 Do tectonic discrimination diagrams still have a function? 

Practising geochemists will differ in their answer to this question. Many, however, 
including this author, will opt for the compromise of‘sometimes*. In seeking an 
answer to this question a number of factors should be considered, 

(1) There is no dmihi: that there arc tectonic controls on magma chemistry. 

(2) Discrimination diagrams cart work, although they may not always work very 
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well, For example, there arc 'mixed signals' — data which ‘straddle’ the 
boundaries on discrimination diagrams. There nuy be geological reasons for 
this, as in the ease of continental flood basalts which may erupt in a variety of 
within-platc tectonic settings. 'Ificrc may also be geochemical reasons For 
example, the interaction of magma am ,i llmd phase may lake place in 
number of different tectonic settings, resulting in a similar trace dement signal 
for different tectonic environments (Arculus, IW7). 

(3) Discrimination diagrams must never be used uncritically. The possible effects 
of element mobility and crystal-liquid fractionation processes must always be 
considered. 

(4) Discrimination diagrams must be used carefully with very old rocks. Ir is 
likely that the trace element composition of mantle sou nr regions has changed 
with time and the mantle may have been lev. fractionated early in Earth 
history. Thus field boundaries will be in different places. With higher mantle 
temperatures in the Archaean, higher degrees of mantle melting and a greater 
probability of crustal melting should be considered (Pearce ti 1984) 

(5) Discrimination diagrams may be telling us more about process than 
environment. Trace element concentrations in igneous rocks, for example, are 
a function of initial mantle concentrations, the percentage melt fraction, 
fractional crystallization processes and the effects of crustal contamination. 
Thus it is the process that is characterized by the trace element concentrations 
in the first instate W here processes can be linked to tectonic environment, 
then the discrimination diagram i-. useful. Where there is ambiguity some 
careful thought must be given to interpreting the results. 


Charge* 6 


Using radiogenic isotope data 


6.1 fntroductlon 


Radiogenic isotopes arc used in geochemistry in two principal ways. Historically 
they were first used to determine the ape of rucks and minerals. More recently they 
have been used in pcirogcnctic studies to identity geological processes and sources. 
The former application is normally described as geochronology, the latter as isotope 
geology or isotope geochemistry. There are a number of excellent texts which deal 
with these two disciplines (I'aure, 1986; Jaget and Hunziker, 1977, IXPaulo, 1988) 
and the reader is referred to these for more detailed treatments of the topics 
covered here. 

In the lirst part of this chapter the main principles of geochronology arc briefly 
described and the interpretation of geochronnlogical results are reviewed. The 
second half of the chaprcr describes the use of radiogenic isotopes in pctrogcncsis 
and take- us into one of the most exciting and fast-moving development-; in 
geochemistry over the past two decades. The use of radiogenic isotopes as tracers of 
petrogenetic processes has allowed geochemists to sample the deep interior of the 
Earth, previously solely the domain ucophysicists. The results of such studies 
have led to important geochemical constraints on the nature of the continental crust 
and the Ranh’s mantle which now mav Ik- combined with our physical knowledge 
of these domains U» help provide a unified chemical—phvsic.il model of the deep 
Earth. 


6.2 Radiogenic isotopes in geochronology 


The foundations of modem geochronology were laid at the turn ol the century in 
the work of Rutherford and Soddv (190.1) on natural radioactivity. They showed 
that the process of radioactive decay is exponential and independent of chemical or 
physical conditions. Thus rates of radioactive decay may he used for measuring 
geological time. Isotopic systems used in age calculations are listed in Tabic 6.1 and 
Box 6.1. In this section we discuss two of the most common techniques used in 
geochronological calculations — isochron diagrams and model age calculations 
This is followed by a discussion of the significance of the calculated ages. 
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Constants used in lead isotope geochconology 

(a) Decay constants (Stager and Jagor, 19771 

"“U -»*°*Pb 0155125 * 10 *yr 1 <X,> 
m U -* ro7 Pb 0.98485 x 10 * yr ‘ <Xj) 

WJ Th -* lw Pb 0.049475 x lO^yr* (X 3 » 

tb) Isotope ratios of primeval lead {from the Canyon Diablo frofbte tTatsumcio et 
at.. 1973d 

(JWptV^Pbia . 9.307 

I^Pb/^Pbig . 10 M 4 

(Wap^Tfirpb^ . yg 474 

(ct Age of the earth derived from the meteoridc isochron ITatsumoto et al. 1973. 
Tilton , 1973) 

Slope of w7 Ptxi i<>4 Pb v* ^*Pb/ w Pb isochron = 0.626208, 

Defines ago of earth as 4.57 Ga. 

(d) Present-day ratio 
7 "U/ nis U - 137 88 

(a) Symbols used in Pb Isotope geochemistry 
g - ’“U/^Pb x- - “Thf™U 

it) ffarros used for ptotttng the U-Pb concordia curve 


Age fGa) 


* )7 PW m U 

o.u 

0.00000 

0.00000 

0 4 

0.06402 

0.48281 

1.0 

0.16780 

1.67741 

1-4 

0.24256 

2.97009 

1.8 

0.32210 

4 88690 

2.2 

0.40874 

7.72917 

2 6 

0 49679 

11.94371 

3-0 

0.59261 

18.19308 

34 

0,69456 

27,45973 

3.6 

0.74796 

33 6S562 

3.8 

0.80304 

41.20041 

4.0 

0.85986 

50 38776 

4,2 

0.91846 

61 57526 

4.4 

0.97892 

75.19836 

4 6 

1.04128 

91,78732 


B.2 1 Isochron calculations 

An isochron diagram is a bivariate plot of measured parent-daughter isotope 
ratios for ;i suite of cogenctic simples Where the sample suite defines a linear array, 
this is said to he an isochron and the slope of the line is proportional to the age of 
the sample suite. Consider as .in example the Rb-Sr system. The total number of 
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• :r . : I- | ipic IJSl tms whi ll M l- . ■ .1’.'. .,! i., ' ■'"! ■ 


Technique 

Decay scheme 

Decay constant, X(yr ') 


Ratios plotted on 

ji-ajcis 

the isochron digram 

V-Mfi 

Rb-Sr 

w Rb-> r Sr + p 

1.42 x itr" 

(1)11 

"l: 

I7 Sr/**Sr 

Sm-Nd 

+ He 

6.54 X I0 -1 ' 

(2) 

,4f7 Sm/ |44 Nd 

,4, Nd/ l+, Nd 

■ Hr 

lJt l4i-* 176 Hf + P 

1.96 x IU _,J 

(3) 

" : r 111 

m Hf/ ,T7 Hf 



1.94 x I0' IJ 

(4) 



Re-Os* 

lH7 Re-» 157 0* + B 

i.6i x nr" 

(5) 

|K, Re/ |l *Os 

'*Os/ ,w Os 

K Ar 

•it-^Ar - p 

0.581 x itr 10 

(1) 

*>K7»Ar 

«Ar/*Ar 

K-Ca* 

W K + P 

4.962 x 10 •• 

(I, 6) 

*K/*Ca 

w Ca/ +2 Ca 


K total 

5,543 x 10' 141 

(1) 



I^-O* 

‘“l-a-^Ce + p 

2.30 x lit 12 

(7) 

u *U/ IJ *Cc 

|W Cc/<»Cc 

La- Bj* 

«La-> ,J *lfa-p 

4.44 X 10" 12 

(8) 

lM La/ 177 Ba 

,M Ba/ lr Da 


T1h>c techniques arc not routine ami arc tarried out only in a few laboratories. 

Older determination* use 1.39 x 10'" Ages which have ti>cd this decay constant may be recalculated using 
the factor (1,39/1.42). 

lUfaCftMC (I) Steiger and Jager (1977); (2) Lugmair and Marti (1978); (3) Paichctt and Tatnumum I'Wij. 
(4) DePuolo (1988); (>) Hirt ti */. (1963); (6) Marshall and DePaoto ( 1982); f7) I>ickin (1987); (8) Nalui ti U 
(1986). 


* 7 Sr atoms in a rock which, has been a dosed system for / years is given by the 
equation 

* 7 S rtn = 87 Sr„ + - 1) {6.1J 


where * 7 Sr ni is the total number of atoms of s, Sr present today, * 7 Sr tt Ls the number 
of atoms of s 'Sr present when the sample lirst formed, *'Rb m is the number of 
atoms of *'Rb prevent today and X is the decay constant («• . u: I 1 0.1). The 

precise measurement of absolute isotope concentrations is difficult, instead. isnropi- 
ratios arc normally determined. An isotope not involved in the radioactive decay 
scheme is used as the ratioing isotope. In the case of the Rb-Sr isotope system the 
ra doing isotope is M Sr and Eqn [6.1] may therefore he rewritten in the form 


II 

£ 

»$r ] 

+ 

^Rb l 


«Sr 

© 

®*Sr 


(c* - I) 


1*21 


ID 


The ratios (^'Sr/^rJn, and (^Rb/^Sr),,, can be measured by mass spectrometry, 
leaving ( R7 Sr/(the initial ratio) and t (the age of the rock) as the unknowns. 
Since Eqn [6.21 > s the equation of a straight line, the age and intercept can he 
calculated from a plot of measured (^Sr/^Sr^ and (^Rb/^Sr)^, ratios for a suite 
of cogent-tic samples The methodology is illustrated in Figure 6.1 The age is 
calculated from the slope of the line from the equation 


I - l/X ln( slope + I) (6.3] 

where t is the age and X is the decay constant. Time is measured from the present 
and is expressed as either Ma (I0 6 years) or as Ga (JO* 1 years). The intercept, the 
initial ratio, has considerable pctrogeneiic importance and will lx- discussed fully in 
the latter half of this chapter. 
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Figure 6.1 A schema ric isochron diagram showing the evolution of' a suite of igneous rocks (a, b, c) aver 
500 Ma and 1000 Ma. The samples formed at i - 0 Inim the same batch of magma wInch 
subsequently differentiated At t = 0 each member of the rock suite has the SON initial ratio 
(* J Sr/*Srk, but because the magma suite is chemically differentiate* I each rock has 4 
different concern ratiun of Rb jnd Sr and so a different *'Rb/ “Sr rati- I -ach sample plots as 
a separate point on the *'Kb/ “Sr vs ^Sr/^r isochron diagram From t ~ 0 to t - 500 Ma 
or t — 1000 Mi individual samples evolve along a straight line with a slope nf -I I fur 
example a-a'-a"). reflecting the deal)' of ■ tingle atom of *'Rb to a single atom of " Hr 
[In practice the resulting change in *'Sr/**Sr is small and so the vertical scale is normally 
exaggerated and the path taken In points is therefore much closer tu a vertical line.| The 
amount of * , ' l Sr produced in a given sample is proportional to the amount of *‘Rh present, 
The slopes of the isochrons (/ — 500 Ma, / - 1000 Ma) arc proportional to the ages of the 
sample suite The intercept nn " Sr/^Sr is the initial ratio. 

Thus isochron calculations require a suite of oogenetic samples, formed from the 
same parental material, and assume that there Iws been no exchange of 
parent-daughter isotopes other than through radioactive decay. An example of an 
isochron drawn for the Srn \d system from data in Table 6.2 is shown in Figure 
6 . 2 . 


Pb isotope A Pb-Ph whole-rock isochron is constructed by plotting the isotope ratios '"'Ph/ 
isochrons ^Pb on the x-axis and JI Pb/* >t Fb on the v-axis of an isochron diagram. I low ever, 
the interpretation of linear arrays on such diagrams is much more complex than for 
systems such as Rb-Sr because ^'Ph and Pb are the product, of two separate 
radioactive decay schemes with two different decay constants (Box 6.1) The logic 
behind the construction of a Pb-Pb isochron is outlined in Figure 6.18. In this case 
the isochron equal inn cannot be directly solved and must be solved iteratively (see 
I lartncr and fcglington, 1687). 

Fitting an A simple but approximate wax in whti.li in lir an. isochron is to draw a best-fit 

isochron straight line by eye through the plotted points Provided a suitable scale is chosen. 
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Mir 6J Samarium-nuuKmmm isotopic ratios for the lower uliramafit unit of the On venvachc 
vokanks. South Africa (from Hamilton rt «/., 197*>b> used in the construction of the 
isochron in Figure 6.2 


Sample 

Rock type 

,47 Sm/ ,4 *Nd* 

l4, Nd/ ,44 Kdf 

HSS-74 

SckIlc porphyry 

0.1030 

0.510487 _ t 

HSS-161 

Acid tulT 

0.1054 

0.510570 ± 32 

HSS-52B 

Fclsk pillm* bva 

0.1653 

0.511950 = 22 

HSS-56 

Basaltic Uva 

0.2044) 

0.512875 - 32 

R 14 

Basaltic Ltmutitre 

0.1888 

0.512504 ± 34 

HSS-32 

Basaltic lonutiitc 

0.1649 

0.511957 ± 22 

HSS8SA 

Peridotitic fcomatritc 

0.1792 

0.512292 ± 34 

HSS-92 

Peridot irk komathtc 

0.1858 

0.512439 ± 34 

IISS-95 

Pcndoritic konuriitc 

0,1902 

0.51254! ± 28 

HSS-523 

Pendtnuic komaiiite 

01701 

0.512084 S 20 


• 147 Sm/ lfl \d ratios determined to a precision of 0,2 % at the 1 ft level 
t Errors on l43 Nd/ ,44 Nd are ± 1 <3 


IhjiIi the slope of the line and the intercept can he determined with reasonable 
accuracy and these may be used to make preliminary estimates of the ape and initial! 
ratio. Precise results are obtained from statistical lino-fitting procedures which 
estimate the slope and intercept of the isochron. These normaHy use a version of 
weighted least squares regression (see See i MJ). Faint (1977 — p.425-33) 
gives the FORTRAN IV code for a computer program for the analysis of isochron 
data based upon equation 6 of York (1969). 

A most important aspect of isochron regression treatment is that it provides a 
realistic measure of the uncertainly in the age and initial ratios. A measure of the 
'goodness of fit' of an isochron is the Mean Squares of Weighted Deviates 
(MSWI)) This i". a measure of the lit of the line to the data within the limits 
analytical error, ideally an isochron should have an MSYVD of 1.0 or less; anything 
greater than this is not strictly an isochron because the scatter in the points cannot 
be explained solely by experimental error. Brooks ft al. (1972) suggest, however, 
that the ideal of an MSWD of 1.0 or less is only applicable to isochrons involv ing 
infinitely large numbers of samples and that for normal data-sets the higher value of 
2.5 is an acceptable cul-ofif for the definition of an isochron. 

Frrorckrom The origin of the scatter on an isochron is erne of the most important interpretive 
aspects of geochronology. If the scatter results in an MSWD of 2.5 or less, tc is 
deemed analytical. If the MSWD is greater than 2.5 it is geological. Brooks el al 
(1972) proposed the term ‘crrorchron* for the situation where a straight line cannot 
be fitted to a si-iiic u .Tuples within the limits of analytical error. An crrorchron 
implies dial the scatter of the points is a consequence- of geological error and! 
indicates that one or nunc id the initial assumptions of the isochron has not been 
fulfilled. 

The gt^hrvn The gcochron represents jii isochron for / = 0 drawn through the composition of 
the appropriate isotope ratio at the time of the formation of the Earth — the 
primordial mmpnsitum In principle a gcochron can be defined tor any isotopic 
system although in practice it is most commonly used in the Interpretation of lead 
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»"Sntf l44 Nd 

F^urt 6,2 An isochron plor of m Xd/ 144 Nd vs u? Sm/ ,44 Nd for volcano rocks from the Omeruachi 
group. South Africa ('after Hamilton cl at,, The data are given tn Table 6 Z Krmr 

bars (2a) arc shown for l4, Nd/ ,+l N’d but 2a errors on H7 Sm/ ul \d are loo small to ihow. 
The vtopc uf the best-fit line is proportional to jn age of 3.54 ± 0,D3 Go; the intercept of this 
line on the iJk Nd/ I4l Nd a*is where l< Scti/ ,H Xd “ 0 is the initial 4 l \d/ l44 \ r d ratio ami w 
O.SOUIW • 1+00004, The epsilon value (e Vf — +1.16) is a measure ot the diflTcrvn*«/ beiwcen 
the initial raiin and a chondntic model for the Earth's mantle at 3 54 Ga expressed in parts 
per 10 000 (see Section 6-3.4 and Bos 6.2). The pmitivc value fur cpvlun indicates thjt the 
vulcanic rocks were derived from a (slightly) depleted mantle source it 3.54 Ga. although 
there are large errors on this estimate. 

. : i ■ 111 k’s ‘si .net 1 1 ere it fome uncertainly in th< agt ut the Earth the gcocl room*) 
•>s calculated toi a range of ages between 4 4 and - <• t i;: its pm m position s a 
function of the value adopted for the age of the Earth. Thus, although a gcochron 
represents a zero-age isochron, the age of the Earth used in its computation may he 
s p e cified so that the gcochron -s, for example, for 4.57 Ga. The initial tallies tor the 
gcochron are given in Box 6.1. 


6.2.2 Model ages 

A model age is a measure of the length of time a sample has been separated from 
the mantle from which il w.in originally derived Model ages are most commonly 
quoted for the Snv-Nd system and arc valuable because they can be calculated for 
an individual rock from :i single pair of parent-slaughter isotopic ratios. They must, 
however, be interpreted with care. 'Hie basis of all model age calculations is an 
assumption about the isotopic composition of the mantle source region from which 
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the simple* were originally derived. In the ease of neodymium isotopes there are 
two frequently quoted models for the mantle reservoir CHUR (the CHundntic 
Uniform Reservoir) and Depleted Mantle (DM), 


T CUl R mode! ages The Cl IUK model assumes that the Earth's primitive mantle 
had the same isotopic composition as the average chondritic meteorite at the 
formation of the Earth, which in this ease is laUm to be 4.6 (ia. For neodymium 
isotopes CHUR is synonymous with the composition of the bulk Earth. A model 
age calculated relative to CHUR, therefore, is the lime in the past at which the 
sample suite separated from the mantle reservoir and acquired a different Sm/Nd 
ratio. It is also the lime at which the sample had the same ^'Nd/'^Nd ratio as 
CHUR, Thi* is illustrated in Figure 6 V in v,i... if present-day * 4i Nd/ ,44 Nd 
composition of the sample is extrapolated hack in time until it intersects the CHUR 
evolution line. This gives the 7-QIUR model age. The evolution curve for the 
sample is constructed from the present day l43 Nd/ f ”Nd ratio and the H, Nd/ ,44 Nd 
ratio for that sample at some lime in the past (/), calculated from the equation 


M \\d 1 


‘ l4, Nd | 


,47 Sm 1 

'"Nd 

urn p4c 

w Nd 

+- 

1 

,44 Nd 

H « 


& - n 

unxpk 


T6.4] 


where ). is the decay constant, / is an arbitrarily selected time in the past, used for 
constructing the curve, and M7 Sm/ m Nd is the present-day ratio in the sample. 


Alternatively, a 7’-CHUR model age is calculated from the present-day t47 Sm/ 


i- r v i • 

l+, Nd and 4, Nd/ ,44 Nd isotope ratios of a single sample using the equation 
< -( 1 «Sm/ 144 Nd) altJUA) 


7*Nil _ t , 

1 nii'it - 1,1 


+ I 


[651 


where X is the decay constant for '''Sm to 1 ’\d ( Table 6.1) and where the values 
for Cl IL R arc given in t able 6.3. Care must be taken to choose the correct CHUR 
value because different iabni.n*-i w. use dil’criu’ tmrrn.ili«ng values. Model ages arc 
also sensitive it the dittcrcncc in Sni/’Ml cm Co sample and CHUR and only 
fractionated samples with Sm/Nd ratios which are sufficiently different from the 
chondritic value will yield precise ages. 


T depleted mantle (DM) nuclei ages Studies of the initial '*'VI/ 1 ' \d ratios from 
Precambrian terrains suggest that the mantle which supplied the continental crust 
has evolved since earliest dines with an Sm/Nd ratio greater than that of CHUR 
For this reason model ages for the continental crust are usually calculated with 
reference to the depicted mantle (DM) reservoir rather than CHUR. Depleted 
mantle model ages arc calculated by substituting the appropriate DM values 
in place of ( ,4J Nd/ ,44 Nd) tmR and ( ,47 Sm/ ^Nd)^* in Kqn (6.5]. These 
values arc given in 'Table 6.3, and a range of passible depleted mantle growth 
curves arc shown in Figure 6.17, using the epsilon notation (depletion relative to 
CHUR), \ graphical solution of a T-DM model age calculation is illustrated 
Figure 6.3. 


Issumpttora 
made in the 
ealtuhtiion of 
model ages 


It is important when calculating model ages to remember the assumptions upon 
which they arc based, for these are not always fulfilled. Firstly, assumptions are 
made about the isotopic composition of the reservoir which is being sampled — 
either CHUR or depleted mantle. I his aspect of model age calculations in itself 
raises three further problems. 
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Table fi,3 ParoJttctcrh used in ihir fiormaJi/ution uf tia*l>minni isufopc data fnr the calniUtiun of model 
ages and epsilon valutsf 


A tit tort DePaoto, W-wwbiirp* 


A tutors: O'Nkmt; Alkpc, Ifafetcwnnh* 


Normal innpf 
factor 


0636151 (Dor **°Nd _ J 0.2096 (i) 

0 63613 (3) wl Nd j 1209627 (2> 


dm Jntv mnrform wnw'r 


|4, Nd 0505829 (1) 

IMNd an.n.ft o« 


|4, Nd 0,51 1847 (2) 

,MNd UllKuJn 0.511836 <101 


'*Nd H *Nd 

^ *0.63223 <4) ^ = 0721-n. 


Sin/\d=0.31 (6J 
1) 50677- 10 (7) 

0.51262 (8) 


PrtfrrrrJ taiiui 

Sm/.\d=0325 (2) 
0 50663 (S) 

0.512638 f‘J| 


!!!Sn» 

t*. 1 V34> <imjmp vjpcrMr*Jcd> l7|i 

0.1 (9) 

IWk; j 

0,l%7 (1) 

o.i%7 (m 

Lkpkitd wr.#*/iV 

uj Nd 

0.51235 (10) 

0.51315(12) 


0.512245 (11) 

0.51316 (9) 

0.513114 (IT) 
0.51317-0.51330 |18) 


0.214 (10) 

02137 (12) 


0.217 (13) 

0222 (17) 


0.225 (14) 

0.230 III) 

0231-0.25! IIS) 

SiamUnl nuk BCR-1 


,U Nd 

* w Na B at-. 

0.51184(1$) 

0.512669 * 8(16) 


* Rcicrc.nccv (0 JacoUcn and W Wrbiug (I9S0). (2) Wawerbuxg ti at. (1981); (J) tlcPiivlo (I9SU), <4),<5) O'Nw. tf at 
(1977); (6)CNlana ti at. (1979); (7) t.ugmair et at. (1975); (8) Hi»ln»ar(ti and van Calsicrrn (1904); (9) Goldstein et at (1984); 
(10) McCulloch and Bhd (1984); (II) McCulloch and Chappell (1982), (12) Pencil et at. (1988); (13) Tailor and McLennan 
(1985); (14) McCulodi tt at, (1983), (15) IXI ■ .i J U .,<*rburs 11976); (16) Hooker a at, (1981); (17) Mkfcard « <1. (1985); 
(18) AUcgrc et at. 11983a) 

1 \ = 6 54 x KT'V' 1 - 

(1) The correct choice of reservoir is important for, as Figure 6,3 shows, there can 
be as much as 3110 Ma difference between N’d CHUR and DM model apes. 

(2) There is a variety of possible models for the depleted mantle. These are shown 
for Nd in terms of the epsilem nutation (deviation from fill R) in Figure 
617- 

(3) There is great confusion over the actual numhers that should be used for 
mantle values. The difficulty has arisen because the Sm-Nd technique evolved 
very rapidly and different laboratories developed different normalization 
schemes in parallel These are summarized in 'fable 0,3 In practical terms 
however, provided the same set of values is consistently used, the overall effect 
on calculated model ages is not great Care must be taken, however, when 
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Figure 6.J The evolution of l,, Nd/' w N'd with time in an individual sample (Table 6.4, No. 234) 
compared with rwo models of the mantle — CHUR {the chundriiic uniform reservoir) and 
depleted mantle. A model \d age is the lime at which the sample had the same l4 T'M/ ,44 N'd 
ratio as its mantle source. In this ease there art rwo possible solutions, depending upon 
which mantle model is preferred. ‘Fhe 7 qiuh model age is approumaU'lv 1 67 Ca and the 
r UM model age is approximately I.UXfia A similar diagram can be constructed using the 
epsilon nutation (see Section 6.3.4) in place of l4, Nd/ M m 

plotting data from dilTerent sources to normalize the isotope ratios to the same 
value of unradiogenic isotopes, and the normalizing factor used should he 
stated. 

\ second assumption used in model age calculations is that the Sm/Nd ratio of 
the sample has not been modified by fractionation after its separation from the 
mantle source. In the case of Nd isotopes this i> a reasonable assumption to make. 
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Thirdly, it is assumed that .ill material came from the mantle in a single event. 
Table 6.4 shows model Nd-CHUR and depleted! mantle ages for granules and 
gneisses from central Australia, calculated using Eqn f6.5J. 

6.2.3 Interpreting geochronological data 

Any detailed gtochromdogical study of slowly cooled rocks will tend to yield 
discordant results when several different methods of age determination are used. In 
this section therefore we look closely at the dilTerent isotopic systems in an attempt 
to discover what the different forms of gcuchrunoh igic.il data mean and what it is 
that we are actually measuring when we claim to have calculated the geological age 
i>t a rock. In this respect one of the most fruitful areas of research has been the 
application of the concept of blocking temperatures to gcochrunological systems. 

WockiHf Many geochronologists now agree that the principal control on the retenmitv u| 
ttmfKraiures radiogenic daughter products in minerals is temperature. In other words, the point 
at which u mineral becomes a dosed system with respect to a particular daughter 
isotope is temperature-controlled. DilTerent minerals will close at dilTerent 
temperatures and different isotopic systems in the same mineral will also dose at 
different temperatures. The concept of closure temperature, or blocking 
temperature as it is also called, is defined by Dodson (197.1, 1979) as ‘the 
temperature of a system at the time of its apparent age 1 , It is the temperature below 
which the isotopic dock i% switched on. This is illustrated in Figure 6-4, Blocking 
temperatures arc most commonly used to describe minerals although the principle 
. .it: i quails be applied to slowly cooled rocks. Ilofmann and Hart <19781 Hu,c 

Table 6.4 Model Nd ages calculated for 04LR and depleted mantle for granulitcs and gneisses 
from the Strange ways range, central Australia An Sm-\d whole* rock isochron for this 
suite give* on age of 2.07 — 0.125 Ga (from Windrim and McCulloch, 1986) 


Sample 

no. 

|t7 Sm 

**Nd 

,4l Nd 

™Nd 


r^,<Ga) 

Mqfic grMutitts 
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0.1853 

U.511772- .36 

0.856 

2 203 

234 

0.1251 

0.511049=30 

1.672 

I.97S 

551 

0.2134 

0.512122=36 

2.5% 

2.950 

868 

0.20*6 

0.512013=24 

3.388 

2.491 

QuartzofcUsfratkit auJ caU-niuatf roth 



501A 

0,1248 

0.511006=28 

1-755 

2.034 

507 

0.1310 

0.511039=24 

1.844 

2.115 

503 

0.1248 

0 510967 ±32 

1.837 

2.093 

512 

0.1150 

0 510794= 32 

1 9.38 

2.145 


iVoxer 

/. Nd mtofiti mrmaltsed to - 0.636151. 

2. DM v<huf fir Nd art - 051335, ( w Sm/ ,44 Sd)^ = 0.225. 

3. Caltutaitam m.ide aurirjf Etpt {6.5}. 
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ftguf* b,4 The definition of blocking temperature.. (a) 
the cooling tunt?, (b) the aaiuniilaiion 
curve ol the concentration of thr daughter 
to parent isotnpe, both as a function of 
time (after Hodum, 1979). U hen a mineral 
is dose 10 irs temperature of it* tf alligation 
(I), the daughter isotope will diffuse mir Of 
tile mineral a* fast as it is produced and so 
cannot accumulate.. On cooling the mineral 
enters a tramitioti stage in which some nf 
the daughter isotope is lost and some is 
retained until finally at low temperatures 
the rate of escape is negligible and .ill of 
the daughrer isotope & retained (2), The 
‘aye* for the system (/ B ) is dk-imeU u 
extrapolation iff the accumulation curve 
[broken line in (h)| back «»ntn tin* lime axis, 

I he \aluc of the blocking temperature 
(T b ) will depend upon the cauct cooling 
historv cjf a particular system hut will be 
independent of rhe starring temperature if 
the latter is sufficiently high 



(a) Cooling curv e 



Time 

(b) Accumulation curve 


shown (hat element exchange in slow ly cooled rtK'ks is chiefly controlled by volume 
diffusion and that in different whole rock systems diffusion ceases at slightly 
different temperatures, 

A distinction must be made however between blocking temperature and the 
resetting of an ison r:; sy.-.in The falter will take place in whole-rock systems 
which have been thermally overprinted or subject to fluid movement. It is likely 
that in the case of resetting whole-rock systems the amount of fluid and the 
chcmistn of a fluid are rv «m. important controls rhari temperature. Choosing 
between blocking temperature (mainly controlled by volume diffusion) and the 
resetting of an isochron (must commonly a function of fluid movement) as .in 
explanation of discordant ages requires the consideration of the scale nt isotopic 
Immogcni/ation. Rocks which have been boiopicaflv reset may yield ages which 
vary from the time of crust fornuiioii o die most recent mcramorphit cvcm, 
depending upon the ik- > f samplin 1 cry | , - r;i. samples may have escaped the 
iMimpii rchomoyniatto and will preserve old ages whereas individual minerals 
may have recnstallbcd and yield young ages. 

In the discussion below we shall look more closely at the term Vl:,' in th. IL 
of the blocking temperature concept, and evaluate the different way s in which it has 
been used in both mineral and whole-rock systems. 

Cmitpis of As the discussion above has shown, the term ‘age*, whether applied to a model age, 
gcofojiuiil agt or a whole-rock or mineral isochron age, may have a number of different meanings 
m geochronology and must be defined carefully by using an additional qualifying 
term 









226 


Using radiogenic isotope data 


The interpreta¬ 
tion of whole- 
rock ages 


(a) Cooling age In a metamorphic rock the term ‘cooling age’ is conventionally 
used to describe the time, after the main peak of meramorphism, at which a mineral 
which had crystallized at the metamorphic peak passes through its blocking 
temperature. In an igneous rock, cooling age is the time after the solidification of 
the melt at which a mineral passes through its blocking temperature. 

(b) Crystallization age The crystallization age of a mineral or rock records the time 
at which it crystallized. In the case of a metamorphic mineral, for example, if the 
temperature of crystallization is lower than the blocking temperature, the instant 
the mineral forms the isotopic clock is switched on and the age of crystallization is 
recorded. In an igneous rock, the crystallization age of a mineral records the 
magmatic age of the rock. 

(c) Metamorphic age The term ‘metamorphic age’ is often confused with cooling 
age but it means the time of the peak of metamorphism. The determination of 
metamorphic age depends greatly upon the grade of metamorphism. In low grades 
of metamorphism the metamorphic maximum may be determined from the 
blocking temperature of a specific mineral. In the case of high grades of 
metamorphism, the timing of the peak of metamorphism is normally inferred from 
the resetting of a whole-rock system such as Rb—Sr or Pb—Pb. 

(d) Crust formation age This is the time of formation of a new segment of 
continental crust by fractionation of material from the mande (O’Nions et al ., 
1983). Whether or not it is possible to determine directly the crust formation age 
will depend upon the geological history of the segment of the crust. In many areas 
of ancient continental crust the formation of the crust was followed by deformation, 
metamorphism and melting and it may be possible to determine only a cratomzalion 
age rather than the age of formation. 

(e) Crust residence age Sediment eroded from a segment of continental crust will 
possess a crust residence age, which may reflect the crust formadon age. A 
neodymium crustal residence (T a ) age is calculated from Eqn [6.5] by substituting 
the appropriate values for depleted mantle in place of the CHUR values. Some 
authors use the term provenance age as a synonym, although this does not signify 
a specific historical event such as a stratigraphic age but is the average crustal 
residence time of all the components of the rock. Normally, the crustal residence 
age of a sediment is greater than the stratigraphic age (Figure 6.5). 

Whole-rock systems are more likely than mineral ages to determine the timing of 
crystallization of an igneous rock or the timing of the metamorphic peak during 
metamorphism. Sometimes it may be possible to determine the time of crustal 
formation. 

(a) The Rb-Sr system The rubidium-strontium isotopic system is still one of most 
widely used isotopic whole-rock methods, for most crustal rocks contain sufficient 
Rb and Sr (anywhere between 10 and 1000 ppm) to make the chemical separation of 
the elements and the mass spectrometry relatively straightforward. It is a versatile 
method and can be applied to a range of whole-rock compositions as well as 
individual minerals. On the other hand, the results of Rb-Sr geochronology are not 
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fieri/, ft.5 \ plot ul' vimtijtraphM- aye vs neodymium cnioal residence ape (f 0 ) foe fine-grained clastic 
sediments between 4.0 Ga and the present day (shaded region). The departure from the 1:1 
line at about 2.5 Ga shows that whilst sediments in the Archaean contain a mainly juvenile 
component,, Phancm/oic sediments contain an okl crustal component (after Miller and 
O’Nions, 1985). 

always easy to interpret. Tor both Rh and Sr arc relatively mobile elements so that 
the isotopic system may readily be disturbed either by the influx of fluids or by a 
laler thermal event. I hus Rb-Sr isochrons arc rarely useful in constraining crust 
formation ages. Nevertheless, if an Rb Sr isochron is obtained it can usually be 
attributed to a definite event such as the age of metamorphism or alteration, or the 
age of dtagcncsis in sedimentary rocks, even if the primary age of the n»ck cannot be 
determined- 

fb) Pb iiotopts Pb Pb isochrons can be plotted for a wide range of rock types from 
granites to basalts and can be used to give the depositions! age of some sediments. 
The method yields reliable ages in rocks with a simple crystallization history, 
although, because of differences in the mobility' and the geochemistry of uranium 
and lead, there are severe problems of interpretation in systems where lead isotopes 
have been reset. Thus the Pb-Pb isochron method is rarely able to give crust 
formation ages although it can be used to give the age of metamorphism. 

(t) The Sm Nd system The elements Sm and Nd arc much less mobile than Rb, 
Sr. Th, L and Pb and may be used to ‘see through* younger events in rocks whose 
Rb Sr and Pl> isotopic chemistry has been disturbed, Thus the Sm-Nd technique 
seems to be the most likely whole-rock method from which crust formation ages 
may be determined. The chief limitarkws on the method arc the long half-life, so 
that it is only really applicable to old rocks, and the relatively small variations in 
Sm/Nd ratio found in most cogcnclic rock suites This latter problem has led some 
workers toi combine a wide range of lithologies on the same isochron in order to 
obtain a spread of Sm/Nd ration. However this resulted in samples extracted from 
different sources and with very different histories being plotted on the same 
isochron and has given rise to some spurious results. 
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Figure 6.6 A plm of mineral age blocking temperam e ) -r tin (itrv Ocssjn syenite from Scotland 
(after van lirccmen el ai., 1474: Gift’, 1985), ‘ITic mineral age- defim- a cooling curve for the 
pluton The mineral on which each age determination was made and the method used are 
indicated. 


The interpreta¬ 
tion of mineral 
ages 


(a) Rb-Sr mineral ages The minerals Inutile and muscovite are commonly dated 
by the Rb-Sr method. Ages arc calculated using a iwo-point isochron method in 
which a mineral with a low concentration of Rb such as plagioclase feldspar, or 
Iretter (to avoid two different blocking te mp e r atures) the whole rock, is used as 
control on the initial ratio. Blocking temperatures for biolite are in the range 300 ± 
50 P CI and arc about (0*C higher than the blocking temperatures for Ar in biotitc 
(Harrison .mil McDuugrall, 1980). Muscovite blocking temperatures are 550 ± 
50 °C; although Cliff (1985) points out that in coarse-grained muscovite from 
pegmatites blocking temperatures may reach 600-650 ''C and are dose to the 
crystallization temperature. 


botoptc measurements on minerals may be used to obtain a mineral isochron in 
which mini rats Irom the same ruck are used to define an isochron. This, of course, 
is only valid if all the minerals have the same blocking temperature. A second way 
in which minerals are used is in the calculation of mineral ages, In most cases these 
will be cooling ages, although highly refractory minerals such as zircon may he used 
to give the magmatic age of some igneous rocks, and may on some occasions see 
through a thermal event to the time of crust formation. Blocking temperatures for 
isotopic systems in minerals are illustrated in Figure 6 6 


(b) Argon methods Argon isotopes are studied most commonly in the minerals 
biotitr, muscovite, hornblende and alkali feldspar. The blocking temperatures for 
argon diffusion, applicable to the interpretation of k-Ar and ’^Ar/^Ar ages arc 
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more difficult to apply than those for Sr diffusion For example, biotite blocking 
temperatures determined from hydrothermal diffusion experiments vary from at 
295 °C to 410 ± 50 “C according to the Fe/Mg ratio of the biotite (see compifation 
by Blanckcnburg el al., 1989). Muscovite has a blocking temperature of 550 - 
50 C C although very fine-grained white micas formed at low grades of 
metamorphism may yield crystallization ages. Reuter and Dallmcycr (1989) dared 
the timing of cleavage formation in low-grade pclitcs using this method. 
Hornblende has a blocking temperature uf 550 - 30 °C, although values up to 
650 °C have also been recorded. 

({) Sm-Sit mineral ages Garnet-bearing mineral assemblages offer the potential for 
precise Sm-Nd mineral isochron ages, for garnets have high Sm/Nd ratios which 
allows the slope of a mineral isochron to be accurately determined with errors of 
only 5-10 Ma on lower Palaeozoic ages (Cliff* 1985), Garnet ages arc determined on 
two-point isochrons between gurnet and one or more of the minerals plagioclase, 
ortbopyroxcnc or clinopyroxcnc and hornblende, Mineral isochrons which do not 
involve garnet show a smaller range of Sm/Nd ratio but still yield reasonably 
precise ages with errors of - 20 Ma. Blocking temperatures for N'd diffusion in 
gamer arc ca 700'C (Cohen el al., 1988;, Wtndrim and McCulloch, 1986). 

(d) U-Pb dating of arson A plot of ^Pb/^*U vs ^Pb/^U eoncenujiiin, m i 
population of zircons rends to define a linear array with an upper and lower lime 
intercept on a concordia-discordi.t diagram (Figure 6.7) The concordia curve is the 
curve which defines the locus of concordant ages Ibr both and decay 
see Box 6.1. A general interpretation of the linear array (the discordia) is one of 
lead loss (or uranium gain) and both upper and lower intercepts with the concordia 
have petrological significance. Magmatic zircons in fclsic rocks can be used to date 
the time of crystallization from the upper intercept of a dtsoordis curve. Granitic 
rocks which are melts of old crust may contain inherited zircons, In this case the 
lower intercept may give the age of new zircon crystallization (magmatic 
crystallization) and the upper intercept the age of the crustal source (I.icw and 
McC u l loch, 1985). Dctriial zircons in sediments may date the provenance of the 
sediments, and zircons in meramorphic rocks may date the protolith or, in the ease 
of meta-sediments, the provenance of the protolith. 

Recently, the application of the ion mtarapn . u 1' i mi topic analysis of 

single zircon crystals (Compston el at., 1982, 1984) has revolutionized zircon 
geochronology, allowing a number of analyses to be made on a single zircon cry stal, 
lienee it is possible to unravel the geological' history of complex zircon grains (see, 
for example. Kroner el al ., 1987 and Figure 6.7). 

The U-Pb method is also applicable to the minerals sphcnc, monazite and 
epidote. Sphene has a blocking temperature of greater than 550 e C. The blocking 
temperature of epidote is less well known but could also be as high as sphenc, 
Monazite also has a high blocking temperature (e*i 601) *C; Gebauer and 
Grunenfddcr, 1979) hut it is not precisely known. 

The inttrpreia- A model age is an estimate of the time at w hich a sample separated from its mantle 

turn o f model source region. Thus for igneous rocks and meta-igncom rocks this is i un-i*'! 
ages estimate of the crust formation age. Tn detail, of course, this assumes (I) knowledge 
ot die isotopic composition of mantle Miurcc, (2) absence of parent/daughter isotope 
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t'tfure 6.7 Concordia-discordia diipm showing ®*Pb/^U and * Dj Pb/^ 5 U news in /main yraiiv< ill 

grumble fades me ta sediments from Sri Lanka (after Kroner tt a A, 1W). The OOBCOrd w 
nine is (Ik locus of points for which the ^Pb/^U age equals the ^Pb/^H,’ age. It is 
mined due to the different half-lives of ; '"U and ' ,; L' and it may be plotted using the values 
in Uox 6.1. The discordia curve i i Snor array of points which intersect the conoordia 
mine at two points. The upper intersection is interpreted as the primary age of the sample 
whereas the lower intersection defines a peri.*! of lead loss and may have a number of 
possible geological meanings. The sketches of individual zircon grains show the spots 
analysed using the ion microprobc and their compositions arc plotted on the discordia- 
concordia diagram. Old zircon grains and the cores uf composite grains define a discordia 
curve (discordia 1) with an upper intercept at 3.2 (is (the age of the source of the dctntal 
zircons) and a lower intercept at l.l Ga (the tune of the granulire fairies metamorphism). 
New zircon grains (recognized on the basis of their irregular morphology) and new zircon 
rims on composite grains deline a second discordia (discordia 2) with an upper intercept ai 
1.1 Ga (the granuluc facies metamorphism) ami a lower intercept at the present day The 
new zircon growth took place during the granulitc facies event. 

fractionation after extraction from the mantle source and (3) the immobility of 
parent and daughter isotopes. In the ease of hr isotopes none of these criteria is 
usually fulfilled with any certainty either for igneous rocks or for sediments 
(Goldstein, 1988) and so at the present lime model ages are not frequently 
calculated for the Rb-Sr system. Nd isotopes, however, are more useful and 
meaningful model ages can be calculated, although the reference reservoir (CHUR 
or depleted mantle) must be specified and in the ease of depleted mantle n:< -del ages 
the depleted mantle model evolution curve must also be specified 

Model ages of granitoids may be used to estimate the age of their source. In the 
ease of mantle-derived granites, the model age gives the time of mantle fractionation 
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Ftfurt t.H The evolution of u *Nd/ 1+ *Nd (expressed as epsilon units — sec Section 63.4) with time, 
for depleted mantle and continental crust. Relative u» Oll.'R the depleted mantle shows 
increasing w *Nd/ >w Nd (memsingtv positive e-values) with time, whereas the continental 
crust shows retarded ul N'd/ ,4+ Nd evolution (increasingly negative e-value*). (a) The 
depicted mantle model age foe a granite formed at 2.7 Ga from a mixture of a juvenile 
component derived from the depleted mamlc and from Archaean crust formed at 3.5 Ga 
will be 3.2 Ga. (b) 11k depleted mantle model age of a granite formed by the mixture ol 
Proterozoic (1.9 Ga) and Archaean (3.0 Ga) crustal sources at 1.8 Ga Is 2.6 Ga. The model 
ages have little real meaning fur they neither reflect the crystallization age of the granite nor 
the age of the crustal source I \rmli and Goldstein, 1987). 

of the havtlisr precursor to tin /ranii.- !'hs !•. u .o.illv ..•- .tinted to be very dose in 
time to the crystallization age of the granite. Granitoids which are derived by the 
melting of older continental crust will give mode! ages which are indicative of the 
age of the crustal source, litis is possible because the intracrustal fractional ion 
process docs not greatly disturb rhe Sm/Nd ratio of the source, Often, however, 
granites are a mixture of crustal and mantle source . V. hi, liis, is the ease, 
calculated mode! ages may give very misleading results (Arndt and Goldstein, 1987, 
and Figure 6.8). 

Model ages tor clastic sedimentary rucks arc thought to provide an estimate of 
their crustal residence age (O’Nions et al. t 1983), for minimal fractionation of Sm/ 
\d accompanies their generation. Since, however, many continental sediments arc a 
mixture of materials from different sources, model Nd ages arc the average model 
age of the sediment and provide a minim um estimate of the crustal residence age or 
an average crustal residence age, 


6.3 Radiogenic isotopes in petrogenesis 


Isotope ratios in a magma arc characteristic of the source region from which the 
magma was extracted and the ratios remain unchanged during subsequent 













232 


Using raciogonic isoto::* data 


fractionation events. This is because the mass di flbta tt between any pair of 
radiogenic isotopes used in geochemistry (with the exception of helium) is so small 
that the isotope-pair cannot be fractionated by processes controlled by crystil- 
liquid equilibria. Thus during partial melting a magma will hue the same 
isotopic character as its source region 

This simple observation has led to two important development iri isotope 
geochemistry. Firstly, distinct source regions can be recognized with their own 
unique isotopic character and, secondly, mixing can be recognized between 
istMopically distinct sources. Thus one of the main quests of isulupc geology is to 
identify the difTcrcnt isotopic reservoirs in the crust and mantle and to characterize 
them fur as many isotopic systems as is possible. An attempt to do this for crust and 
oceanic basalt sources is presented in Table 6.5. The larger and more difficult 
question of how the reservoirs acquired their own identities leads into the area of 
crust and mantle geodynamics, a topic treated brieOy at the end of this chapter (see 
Section 6.3.6). 

In detail a wealth of mixing and contamination processes can he recognized in 
and between sources, although these can normally be reduced to two essentially 
different types of process (Hawkesworth and van Calstcrcn, 1984). Firstly, 
radiogenic isotopes may be used to identify components from different sources 
which have contributed to a particular magmatic suite for example, the 
contamination of continental flood basalt with old continental crust. The time-scale 
of these processes is short and equivalent to the time-scale of most familiar 
geological processes. The second application is to constrain models of the evolution 
of source regions of magmatic rocks. For example, wl will show below that there 
arc several sources for oceanic basalts in the upper mantle. It is of some importance 
to discover how and when these separate sources acquired their separate identities. 
'Phe time-scale of these processes is long and is of the order of billions <Ga) rather 
than millions (\1a) of years. 


6.3.1 The role of different isotopic systems in identifying reservoirs and 
processes 

The different element* used ni radiogenic isotope studie u • v try greatly in 
their chemical and physical properties, so much so that different isotope systems 
vary in their sensitivity to particular petrological ptW CMB . This variability may 
•how itself m two ways, Firstly, the parent and the daughter elements may under 
certain circumstances behave in different ways so that the two become fractionated. 
The order of incompatibility for dements of interest is 

Rb > *I*h > t > Pb > (Nd, HO > (Sr, Sm, Lu) 

These values indicate the extent to which an element is fractionated into the crust 
relative to the depleted mantle. For example, Rb is the dement most concentrated 
in the crust relative to rhe depleted mantle whereas Sr, Sm and l.u are the least 
concentrated. Alternatively , a parent-daughter element-pair may behave coherently 
and nut be fractionated and yet behave in a very diifereni manner from the 
parent daughter pair of another isotopic system, A good example is the contrast 
between the Sm-Nd system, in which both dements share very' similar chemical 
and physical characteristics, and rhe Rb-Sr system, in which the elements are 
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TMe 6.5 live isotopic character of crust and mantle ruervain (preseat-day isotope ratios shown in 
parentheses) 
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strongly fractionated from one another. Below we briefly review tht* properties of 
the five isotopic systems summarized in Table fi.5. 

Sm and N'd isotopes arc not significantly fractionated vvitlitn (he continental 
crust by metamorphic or sedimentary' processes and thus preserve the parent/ 
daughter ratio of their source region In this respect ,Sm-\d are vers similar to 
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Lu-Hf but differ markedly from Rb-Sr, U-Pb and Th Pb. Sm-Nd arc immobile 
under hydrothermal conditions and so their isotopic composition reflects the actual 
proportions of rock or magma involved in specific petrological processes. The 
Sm-Nd system, however, has the disadvantage that small amounts of recycled crust 
mixed with a large proportion of a mantle component become isotupicallv invisible. 

Jjead isotopes are more complex because of the three different decay schemes 
employed (Box 6.1) and because they do not define linear trends on lead isotope 
evolution diagrams. In general, uranium and lead are relatively mobile m crustal 
processes, particularly in magmatic/hydrothermal situations, whereas thorium is 
highly insoluble. Both U and Pb are incompatible elements in silicates although U 
enters a melt more readily than Pb. In detail, the two isotopes of lead produced 
from uranium, ^Pb and '"'Pb, show contrasting behaviour as a consequence of 
their differing radioactive decay rates. Early in the history of the Earth U5 U 
decayed rapidly relative to so that *" Pb evolved rapidly with lime. ^Pb 
abundances i here tore arc an extremely sensitive indicator of an old source Today, 
however, y! U is largely extinct so that in the recent history of the earth * ' S L decay 
is more prominent and consequently J,wv Pb abundances show u greater spread than 
35-1 Ph (Figure 6,18a and Table 6.6). The difference in behaviour between the 
differenr isotopes of lead allows the identification of several isotopic reservoirs 
(Table 6 5l. T'-r ,-..m.iI t.LTvoirs arc best sampled by studying the isotopic 
composition of a mineral such as feldspar with a low U/Pb or low Th/Pb ratio and 
which preserves the "initial 1 Pb isotopic composition ol the .source, I 
was developed by Doe and /artman (1979) ami j: discussed in the section on 
‘plumbotectonics 1 (Section 6.3.6) 

Stronriuni is relatively immobile under hydrothermal conditions, although Rh is 
more mobile. Sr therefore reflects fairly closely the original bulk composition of a 
suite of rocks, anti !\l> ess so. In addition the Rb-Sr system shows the most 
extreme differences in incompatability between the parent and daughter elements. 
Rb and Sr arc easily separated, so that there is extreme fractionation between crust 
and mantle leading to the accelerated strontium isotope evolution of the continental 
crust relative to the mantle (see Figure 6.15). Within the continental crust Rb and 
Sr arc further separated by remclling, metamorphisni, and sedimentation, for Sr is 
partitioned into and retained by plngioctave w hereas Kb iv preferentially partitioned 
into the melt or fluid phase. 


6.3.2 Recognizing isotopic reservoirs 

Taylor et at. (1984) recognize three isotopic reservoir* in the continental crust 
which they characterize with respect to Nd, Sr and Pb isotopes, Xindler and Hart 
(1986) have delineated five end-member compositions in the mantle w.hich by a 
variety of mixing processes can explain all the observations on midniccan ridge and 
ocean-island basalts. The composition of each of these sources is summarized in 
Table 6.5 and plotted on a scries of generalized isotope correlation diagrams 
(Figures 6.9 to 6.12). In addition Table 6.6 summarizes the present-day 
compositional ranges of Sr, Nd and Pb isotopes in oceanic and crustal rock types. 
In the following section each of the important mantle and crustal reservoirs is 
deserihed and its particular ismnpic character highlighted. 
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Figure 6.9 M *Nd/ w *Nd vs " T Sr/* 6 Sr isotope correlation diagram, showing the main oceanic mantle 
reservoirs of Zindicr and Hart (19X6). D\1, depleted mantle; HI-1, bulk silicate Earth; EMI 
and EMU. enriched m.n i i, fllMU, mantle with high U/Pb ratio; PRKMA, frequently 
observed PREvakm MAntk- composition The Mantle array is defined by many oceanic 
basalts and a bulk Earth value for h 'Sr/' i "Sr can be obtained from this trend 


eantt mantle Young magmatic rucks record the isotopic composition of their source directly. 
unmet This is hecausc there Is insufficient time for the parent isotope present in a newly 
formed magma to dccaj and produce additional daughter isotopes to add to those 
inherited from the source. Thus the present-day isotopic compositions of recent 
oceanic basalts were used by Zindlcr and Hurt (1986) to identify five possible end- 
member mantle reservoirs (figures 6.9 to 6 12). Their possible location in the 
mantle is given in the cartoon in Figure 6.27. The end-member compositions arc as 
follows. 

(a) Depleted whittle (DM) Depleted mantle is characterized by high r4 ‘N'd/ '^Nd, 
low H7 Sr/^'Sr and low ^b/^Pb, Ft is the dominant component in the source of 
many MORBs (see Figures 6.9 T 6.11, 6.12). An extreme example of depleted mantle 
is recorded in mantle- xcnoliths from eastern China (Table 6.6) described by Song 
and Frey (1989). 

(b) HIMU mantle The R-valuc in lead isotope geochemistry in the ratio JI 'U/' 
aH Pb. The very high ak> Pb/ aH Pb and ^Pb/’^Pb ratios observed ir, some ocean 
islands (Table 6.6) coupled with low ^Sr/^Sr (ca 0.7030) and intermediate " N i." 

**Nd suggest a mantle source tlut is enriched in L md Th relative to Pb without 
an associated increase in Rb/S'r The enrichment is thought to have taken place 
between 1.5 and 2,0 Ga, A number of models have been proposed to explain the 
origin of this mantle reservoir the mixing into the mantle of altered oceanic crust 
(possibly contaminated with seawater), the loss of lead from part of the mantle into 
the Earth’s core and the removal of lead (and Rb) by met a soma tie fluids in the 
mantle. 


(c) Enriched mantle Enriched mantle has variable ^Sr/^Sr, low UJ Nd/ m Nd and 
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FtnweU.lO M, Nd/ m Nd v* t 'Sr/‘^Sr (f\;j vs €^) isotope correlation diagram showing the relative 
positions of depleted and enriched mantle sources. Most nun -enriched mantle reservoirs plot 
in the upper left ‘depleted" quadrant (cf. Figure 6.9) whereas most crustal rocks plot in The 
lower right 'enriched* quadrant. L-pper and lower crust tend to plot in different positions in 
the crustal quadrant (from DePaafo and Wasserburg, 1979) 

high ^Pb/^Pb and ^Pb/^Pb at a given value of ^/"Pb. Zindler and 
Hart (1986) differentiate between enriched mantle tspe I (EMI) with low 
(an even more extreme example is given by Richardson el a/. t 1984) and enriched 
mantle type-11 (F,MI1) with high ^Sr/^Sr. One striking and large-scale example of 
enriched mantle (EMU) has been identified in the southern hemisphere by Hart 
(1984) and is known as the DUPAL anomaly (named after the authors DUPre and 
ALIegre (1983) who first identified the isotopic anomaly). The enriched mantle was 
identified with respect to a Northern Hemisphere Reference lane (NHRI.) defined 
by the linear arrays on ^Pb/^Pb vs -’ t *Pb/ 2t>4 Pb and OT Pb/ aH Pb vs *' l *PV 2lH Pb 
plots for mid-ocean ridge basalts and ocean islands (Figure 6,11), The equations are 
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<b) w Pb/*° 4 Pb 


Fourth.It (a) fln ] J l>/- w Pb vs ^Pb/^Pb isotope correlation diagram show mg tin pusiilnn of the 
northern hemisphere reference line (.\HRL) with "Ib/L - 4 II, 'I'hc huU silicate Earth value 
(USK) is from Altcgrc et a/, (1988). The field of MORB is shown with a cross-hatched 
pattern. <1») '’"‘Pit/ -^pu vs "’‘Tb/*’ ll4 Pb isotope correlation diagram showing the position of 
the northern hemisphere reference line (NHRI.), the slope of which has an age significance 
of 1,77 Ga, and the gtochron Volcanic nxks v.h eh piet above the NHRI, are said to have a 
DUPAL signature. 'I’hc mantle reservoirs of Ztndfcr and Hart are plotted as follows l)\l, 
depleted mantle- BSE, hull silicate Earth. EMI and LMli, enriched mantle, HIMU, mantle 
with high U/Pb ratio. PRF.MA, im|ucnily observed PREvalcw MAntk composition. EMII 
also cotnodes with the field of oceanic pelagic sediment The fields of the upper and lower 
continental crust arc shown with crows, and the field of \IOKU with cross-hatching. 
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Figure 6.12 (a) ' <T Sr/ to Sr vs J 0 *Pb/ ^'Pb isorupc correlation diagram; (b) H ’\d/ l,, \d vs : ' M Ph 

isotope correlation diagram. Boih diagrams sinn\ * , i % -i:i-in^ • : ihc mantle reservoirs 
identified by Zindlcr and Hart <1986): DM, depleted mantle, BSE, hulk silicate Earth: I Ml 
and EMI1, enriched mantle; HIMU, mantle with high L /Pb ratio; PREMA, frequently 
observed PREvalent MAndc composition. 'I'hc stippled field is mid-ocean ridge basalts 
(MORB). The ;i ' , Pb/' 5M Pb value of (he bull Earth differs front the value in Table 6.5, 
which is taken from \llegre ft al. (198S), 


J ' Pb/- lw Pb = 0.1084 (* ,w Tli/ 3M Ph) + 13,491 (6.6] 

“•Pb/^Pb ~ I 209 ( M *Pb/ aM Pb) + 15.627 (6.7] 

The isotopic anomaly vvas expressed by Hart (1984) in terms of A 7/4 and A S/4, 
defined as the vertical deviation from the reference line so that for a piven data-set 
(DS); 

A 7/4 = |( M7 Pb/ 2,M Pb) l>s - ( M: Pb/ JlM Pb) s . nwJ ] x 100 [6.8] 

A 8/4 = [(* , Pb/* M Pb) Wf - (““Pb/ JW Pb) N , yy ] x 100 [6.9] 

\ similar notation was used for llT Sr/ v, Sr; 

A Sr = ((^Sr/^SrJos - 0.7] x 10000 


[ 6.101 
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There are a number of models which explain the origin of enriched mantle. In 
general terms enrichment is likely to be related to subducrion, whereby crustal 
material is injected into the mantle (Figure 6.27) EM1I has affinities with the upper 
continental crust and may represent the recycling of com mentally derived sediment, 
continental crust, altered oceanic crust or ocean is lam I crust An alternative model 
is based upon the similarity between enriched mantle and the subconrincntal 
lithosphere, and suggests that the enrichment is due to the mixing of the 
subcontinental lithosphere into the mantle. F.MI has affinities with the lower crust 
and may represent recycled lower crustal material, but an alternative hypothesis 
suggests that if is enriched by mantle metasomatism. Weaver (1991) proposed that 
EMI and EMU arc produced by mixing between lUMt mantle and subducted 
oceanic sediment 

(i) PR EM A The great frequency of basalts from ocean island*, intra-ocean l 
island arcs and continental basalt suites with I ^Nd/ ,+f \d = 0.5130 and Nj Sr/®*Sr 
= 0.7033 suggests that there is an idenritiahlc mantle component with this isotopic 
character. Zindler and Hart (1986) re hr to this as the PREv alert l MAntic reservoir. 
It has “‘Tb/^Pb = 18.2 to 18.5. 

(e) liuik Earth 'Bulk Silicate Earth — BSE) = Primary Uniform Reservoir It can 
be argued that there is a mantle component which has the chemistry ot the bulk 
silicate Earth (rhe Earth without the core). This composition is equivalent to that of 
a homogeneous primitive mantle which formed during the degassing of the planet 
and during core formation, prior to the formation of the continents. Some oceanic 
basalts have isotopic compositions which closely approximate to the composition of 
the bulk Earth although at present there are no geochemical data which require that 
such a mantle reservoir still survives. 

(f) The origin of oceanic (waits The recognition of a variety of possible mantle 

reservoirs for the source of oceanic basalts has led to an appreciation of the 
complexity of mantle processes, particularly beneath ocean islands. For example, a 
study of the island Gnn Canaria in the Canap Islands by Hoernle <7 (1991) 

showed that at least four different mantle components (HJ.MU, DM, KM l and 
EMU) have contributed t<> the production of these volcanic rocks since the 
Miocene, Furthermore, the isotopic evidence indicates that the different reservoirs 
li.ivi nude their contributions to the lava pile at different times in the history of the 
volcano. 

(g) Trace elementi ami mantle enJ-memher compositions Following the work of 
Zindler and Hart (1986) a number of workers have sought to characterize further 
the proposed mantle end-member compositions in terms of their trace element 
concentrations. Ranges of values currently in use for highly incompatible trace 
dement ratios arc given in Table 6 7. 

Continental The isotopic composition of rocks from the continental crust is extremely variable 
crustal sources and isotope ratios are only strictly comparable if the samples arc all of the same age. 

Thus compositional differences are best considered relative to a numiali/ini: 
parameter which takes into account the age of the sample. One such reference point 
is the chondritic model of Earth composition (CIILIR.) and its evolution through 
time. Thus crustal samples may be plotted on a graph of isotopic composition vs 
time relative to a reference line such a.s the Cl IUR reservoir (see Section 6.3.3), For 
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Table 6.7 Incompatible trace element rums in crust and reunite reservoir* (frnni compilations in 
Saunders et aJ., 1988; Weaver, I99|) 



Zr/Nb 

La/Nb 

Ua/Nb 

Ba/Th 

Rb/Nb 

K/Nb 

Th/Nb 

Th/La 

Ba/La 

Pnmilivc mantle 

14.A 

0.94 

90 

77 

0,91 

323 

0.117 

0.125 

9,6 

\ AIORB 

JO 

1.07 

1.7-80 

60 

0.36 

210-350 

0.025-0071 

0067 

40 

E-MORJJ 



4 9-8.5 



205-230 

0.06-0 08 



Cofimvnifdl enm 

16.2 

2.2 

54 

124 

4.7 

1341 

0.44 

0.204 

25 

HIMU tm 

32-5,0 

0.66 0,77 

4.9-6.9 

49-77 

0.35-0. J8 

77-179 

0.078-0.10! 

0.107-0.133 6.S R.7 

EMI OfB 

4.2-11.5 

0.86-1.19 

11.4—17.8 

103-154 

0,83 1,17 

213 432 

0.105-0.122 

0.107-0.128 

13.2-16.9 

emu ore 

4.5—7.3 

0.89-1 .W 

7 3-13,3 

67-84 

0,59 0.85 

248 378 

0.111-0.157 

0.122-0 163 8.3-11J 


Nd isotopes this may lie quantified in terms of the epsilon notation (see -Section 
6-3.4). The general isotopic characteristics of crustal reservoirs are given in Table 
6.5 and typical isotopic compositions ot irustal rocks arc presented in Tabic (,6 


(a) Upper continental crutt Tile upper i onrmental crust is characterized by high 
Rb/Sr and consequentb has high ^'Sr/^Sr ratios Neodymium isntupc r.irins, on 
the other hand, are low relative to mantle values as a consequence of the light rare 
earth clement enrichment and the low Sni/Nd ratios whith ihai.urcii/t the 
continental crust. L r and Th are enriched in the upper continental crust and give 
rise to high ^Pb, ^'Pb and J **Pb isotope ratios. 


(b) Middle continental crust The mid-continental crust here describes extensive 
areas of amphibolite facies gneisses found in granite-gneiv. i tins. These rocks 
have retarded ”®Nd/ ,44 Nd as discussed above and ^'Sr/^Sr ratios lower than in 
rhe upper crust. Uranium, however, is depleted and ^Pb/ aM Pb and Sl, Pb/ - IM Pb 
ratios may be lower than in the mantle, Th levels arc lower than those in the upper 
crust but not as depleted as uranium. 


(c) Looter continental crust The lower continental crust is characterized by 
granulitc fades metamorphism and is often strongly Rb depleted Thus it has low 
*ar/**Kr ratios which are not grcaily different from modem mantle values. This 
means that a modem granite derived from the lower crust and one derived from the 
mantle will have very similar ^Sr/^Sr initial ratios, U/Pb and Th/Pb ratios in the 
lower crust are lower than modem mantle values so that **Pb, ^Pb and ^Pb 
isotope ratios are all very low and may lie used to distinguish between lower crust 
and mantle reservoirs (sec Figure 6,26), 


(d) Subtontinentdi lithosphere The subconrincntal tithosphi not so easily 
characterized as other domains, for it is extremely variable in isotopic composition. 
For example, Mcrudes and Ifalliday (1988) show that the sul: continental lithosphere 
beneath Scotland shows extreme Nd Sr isotopic heterogeneity which encompasses 
both of the enriched mantle domains KM I and 1 MU described above. Some of the 
variability can be correlated with rhe age of the suheont mental lithosphere. 
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Archaean subcontincntal lithosphere is normally underlain by enriched 
lithosphere (EMI of /indict and Hart (1986) — low' Kb/Sr, low Sm/Nd), but 
depleted examples are also known. The lithosphere beneath Proterozoic mobile 
I>elts, however, more closdy resembles the depleted mantle found iKincath older 
ocean basins (Mcnzics, 1989). Protcrozic to Phanerozotc subcontincntal lithosphere 
is characterized by enrichment in Rb and the light REE resulting in radiogenic Sr 
and non-radiogcnic Nd isotopes This is similar to enriched mantle EMII described 
above and in Table 6.5. 

Seawater The isotopic composition of seawater can be understood in terms of the residence 
time of an element in seawater, I’hi* is the average time an element renimH »*. 
seawater and is defined by the expression 

t K -A/(&A/ d;) |6.111 

where is the residence rime, A is the total amount of the element tlisolved in the 
oceans and d,4/d/ is the .umuinr of the element introduced into or removed from 
the ocean per unir rime, assuming a steady state. Ir i . rmuted rhar the oceans mix 
in the order of 1000 years so that an element with a residence time longer than this 
v .11 be well mixed and homogeneous whereas dements which have a shorter 
residence time will re licet regional variations in isotopic composition (Hawke worth 
and van Calslcrcn, 1984), 

The present day strontium isotope composition of seawater is bracketed by the 
values 0.709241 ± 32 and 0.709211 ’ 17 (Eldcrfield, 1986). This is the result of the 
complex interplay of processes which include continental run-olT, mid-ocean ridge 
hydrothermal activity, input from old sediments and extraction of Sr by new 
sediments (Veizer, 1989). The residence rime of Sr in seawater is of the order of 
4 Ma and so the oceans are regarded as a well mixed reservoir with uniform 
composition. However, the smmiiiim isotopic composition of seawater has changed 
with time. Veizer (1989), in an excellent review, shows how the change may be 
resolved on a range of time-scales. Far instance, over tin- total history of the Earth 
(Figure 0.13) Sr Isotopic compositions remained close to mantle values until .ihout 
2,5 Ga and then increased with time In the Phancrozoic ‘‘ i Sr/ Sb Sr ratios have 
oscillated in the order of lUOMa but smcc the Cretaceous they have increased 

' .1 h.I.lK;, 11. I.. |. . ' ,1.'. . lll.li .lilt ' I I , ' ,v 

precision (Etdcrlield, 1986), The seawater curve for the Phanerozuic and 
particularly the high-precision curve for the lost 70 Ma has been used to dale 
Tertiary seJiments, to determine the liming of diagenclic processes and to date the 
riming of formation of gangue minerals in mineral deposits 

Nd and Pb, by way of contrast to hr, have short residence tunes, Nd KM) to 1000 
years (Hooker ft at., 1981), Pb ea 50 years (Taylor and McLennan, 1985). The \d 
isotopic composition of seawiler has been estimated by direct analysis of seawater 
ami from the composition of manganese nodules precipitated from it. Different 
ocean basins have slightly different UJ Nd/ ,+ *\'d isotopic compositions the Atlantic 
is 0.5119-0.5122, the Pacific is 0.5120-0,5122 and the Indian Ocean is 
0J124-0.5126 (Hooker el at, 1981), The values vary because the Nd budget of an 
ocean is dominated by the continent-derived Nd, a principle which Hooker et at. 
(1981) used to deduce the nature of the land adjacent to the lower Palaeozoic 
lapvtus Ocean at 490 Ma, 

The difference m volubility between L : (very ^►lublu) and Pb (relatively 
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Fttitrr h.f.1 The variation of * 7 Sr/ ‘*Sr in seawater through time relative to the bulk Karih (from Vci/er, 
1989). 

insoluble) means that the L7Pb ratio ()1 value) of modern seawater is very high (ru 
■'? '■ ii; Taylor and McLennan, 1985), but the slum > suience time means that 
significant quantities of radiogenic lead will not develop in the ocean*. Regal ct <ti 
(198ft) measured Uie lead isotopic composition of the cast Pacific and found that the 
H^Pb/ .wpt, value varies with depth (17..V) 19,1)5) hut attributed much of the effect 
to contamination from modern industrial lead 


6,3.3 The evolution of mantle reservoirs with time — mantle evolution 
diagrams 

The isotopic compositions of mantle source regions change with time according to 
the parent/daughter element ratio. These changes may be plotted on isotopic 
evolution diagrams to show the change in isotopic composition of the reservoir with 
time. Such diagrams can be constructed for each isotopic system by measuring the 
.t ifii uf ill. ii nik at the present from mode n lavas and b> 

calculating the initial ratio from isochron diagrams of ancient mantle melts. 
Diagrams of this type are particularly useful for depicting the isotopic evolution of 
crustal rocks of differing ages and with different parent /daughter isotope r.itios. It 
should be noted, however, that .is yet there arc insufficient data to draw detailed 
mantle evolution diagram* for ill the postulated mantle reservoirs of /-ndicr and 
Hart (1986). 


The tvolulivn The starting point for the evolution of strontium isotopes is the H 'Sr/ w, Sr ratio at 
Vr iiotopes rite formation of the ILarth. This is taken to be the isotopic composition of basaltic 
with timt achondrite meteorites, thought to have a composition approximating to that of the 
solar nebula at the time of planetary formation- It is usually referred to as BABI 
(Basaltic Achondrite Best Initial) and, the measured value t* 0 69897 ± 0.(810003. 
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Tahtc 6.8 


Parameters used in the calculation of model ages and epsilon values for strontium isotopes 




Bulk Earth values* 

Depleted 
mantle values* 

[ w Sr 


1169897*0.00005 (1) 


“Sr 

U Cm 



| ®'Rh 


IIIJS47 (1) 

0.052 (1) 


11085 (2) 

0.046 (2) 

**Sr 

todby 

0.0827 (4) 

0.024-0.0007 (7) 


0 0892 (7) 


Rb/Sr 


0.03 (3) 




0,032 (5) 


[ ”Sr 


0.7047 ( 2) 

0.7026 (1.2) 


0.7045 (4) 

0.70321 :t0.00015 (6) 

“Sr 

I«mU> 

0 7052 (5) 

0.70265-0.70216 (7) 

l 

0 7047-0.7050 (7) 



' References; (1) McCulloch and Black (2} Taylor and Md-emun (1985); (3) 

O'Niuns ti aL (1977), (4) DcPiiolo 119flfe (S) /.ndlcr tt J. (1982), (6) Bell ft at, (1982); 
(7) A Hope rt at. (1983a). 

Estimates of * 7 Sr/ M Sr for the bulk Earth today vary (see Table 6.8) but arc 
lictween 0,7045 and 0,7052 indicating Rb/Sr ratios between 0.03 and 0.032. This 
gives a broad band for the * Sr/ v Sr evolution curve for the hulk Earth (Figure 
6.14). Bell ft aL (1982) estimated the composition of u depleted mantle source 
beneath the Superior Province, Canada, which appears to have evolved from the 
primitive mantle .it around 2.8 Ciu (Figmi ' 14, curve I) although this differs from 
the depleted mantle evolution curve of Ben Othman ft at. (1984) (Figuri h.14. 
curve 2) and the present-day composition of the depleted mantle of Zirtdler and 
Hart (1980). Estimates for enriched mantle (Zindler and Hart, 1986) suggest 
present-day * 7 .Sr/ H *Sr ratios of about 0.705 and about 0.722. Measured values in 
present-day basalts from Samoa (White arid Hofmann, 1982) scatter about the lower 
of these two values. 

Jahn tt nt. (1980) show that *'Sr/ ,v '.Sr ratios for Archaean mafic and fclsie 
-L’lH'miv iivU scatter above and below the bulk Earth mm* iiiiIh atnu'. rli.it lucre 
may have been a variety of mantle sources, with different compositions even in the 
Archaean However mantle v Sr/ v 'Sr ratios need to be interpreted with great 
caution, especially in old rocks, because the high ratios cun result from metasoma tic 
processes. For this reason studies of mantle evolution are better based on other 
isotopic systems where the parent and daughter isotopes are lev. mobile, this is why 
the study of Nd isotopes h.is become so popular over the last ten years. 

A number of authors (e.g. Faurt\ 1977) have proposed on the basis of measured 
initial ratios that the growth of * ? Sr/ S6 Sr in the mantle with time defines a 
curvilinear path (cf. Figure 6.14, curves I and 2) and that this reflects the 
irreversible loss of Rb from the mail tie into the crust during the formation of the 
continental crust. The loss of Rh from rhe mantle and its enrichment in the 
continental crust lead to very different patterns of strontium isotope evolution in 
the two reservoirs as a consequence of their different Rb/Sr ratios (Figure 6.15). 
The high Rb/Sr ratios found in the continental crust give rise to an accelerated 
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ft.N Tlw evolution of strontium isotopes with rime The ilutkil field indicates the nulution of 
the hulk earth from 4.6 Ga to the present-day value of between 0 7045 nd 0.7052, reflecting 
Kb/Sr ratios of between 0 03 and 0.032. The depleted nuntlc curve (1.1 tv from Bell tl ul. 
flVK2) and indieale* the separation of a depleted mantle rcsenmr from the primitive mantle 
at ca 2.9 Ga beneath the Superior Province, Canada. Curve (2) is from Ben Othnun rJ jI, 
(IVM) and ts based upon the data from MORH. ophiohtes, kuin.iinir-. and meteorites. It 
represents the rqualiun (^Sr/^Sr) = A? + Bt + C where A “ -I.54W5776 x ttr 4 , B = 
l 6007234 and C = 0.70273020. where l is time from the prevent in (is; (.4> is the present- 
day depleted mantle value of McCulloch and Black (1994) The present dav enriched mantle 
cum positions (KM I and KMJ1) arc Ifoni Zindlcr and Hart (1986) and the compo si tion of 
enriched basalts from Samoa from White and Hofmann (|9s.'i l lu- spread of initial ratios 
from 2.7 lu 2.6 Ga is fur mafic and fetsic igneous rods, from Jahn et st. (1990). 

increase in K7 Sr/ v ‘Sr with rime whereas the low Kh/Sr of dcpclctcd mantle gives 
rise to only a small increase in "’Sr/^'Sr since tin.* formation of the F.anh 

There are many examples in the literature of itnhrm who have used nuntlc 
cvotuiion diagrams of the type illustrated tn Figure 6.15 to plot (he initial 
strontium isotope ratios of measured samples relative to mantle and crustal 
evolution curves, in order to determine their likely source region For example, it is 
easy to sec from Figure 6 15 (hat a suite of rocks produced by partial melting of the 
mantle at 1.0 Ga will have a very different initial ratio ("’’Sr/ v 'Sr = 0 71)34) from 
rocks produced by partial melting of the crust at this time (® I Sr/' w ‘Sr ~ 0.7140), It 
is this principle which may be used to identify the source of magmatic rocks of 
known age. 









Fwurf 6.15 


The evolution of 
\\l trsih 

time 
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The evolution of ^Sr/^Sr with time in the continental crust and mantle At 2.7 Cia mantle 
differentiation led to the formation of mrv» contincnui] crust. The new im\t in hen ted an 
initial w Sr2“Sr r ni: ii * if 0 7014 from its parent ml.- hut i-*|i»ned l w tU M l il ll} dtfKr.-ni 
Rb/Sr ratio (0.17) compared with 0,03 in the mimic. 'The higher Rb/Sr ratio in the 
continental crust led to an accelerated growth of ^Sr/^r with time in the continental crust 
relative to that in the mantle so that the present-day measured vaJiK* in rhe crust t* 0,7211 
Loanpared with 0.7045 in the mantle, The r Sr/ w Sr ratios '.hnwn on the right-hand side of 
the digram indblt the initial ratios in melts formed from continental crust at 1.0 tia 
(0.7140) anti from the mantle at 1.0 Cia (0.70.14). 

The ,4 '\d/ l+< \'d isotopic composition of the hulk Earth is thought to be 
approximated by rhe composition of chondritic metetorites (CHUR). The 
compositions of CHUR for the present day ,md at 4.6 Ga arc given in Table 6.3 
and the linear evolution of CHUR with time is shown in Figure 6.16. Studies of 
modern oceanic basalts and both ancient and modem granitic rocks indicate that 
many igneous rocks arc derived from a mantle composition which has a higher Sm/ 
Nd than CHI R, is enriched in ' 4 "Nd/ l44 Nd relative to QIUR, but which is 
known as depicted mantle. Currently there are several models for this depleted 
mantle source and these are portrayed relative to CHUR (the epsilon notation) in 
Figure 6,17. The main differences between the different models of the depleted 
mantle are (I) the time at which the depleted mantle differentiated from the bulk 
Earth and (2) whether ihc depletion of the mantle was linear or whether it varied 
with time, Ltew and McCulloch (1985) proposed that the light REE depletion from 
the chondritic reservoir took place between 2.5 and 3.0 (»a at the time of a major 
episode of crust generation and they propose a linear evolution of 141 Nd/ |44 Nd in 
the depleted mantle between this time and the present. Goldstein et at. (1984) 
preferred a linear evolution between the present day and the formation of the Earth. 
DePaulo (I9S lai .m:l Nelson and DcFaolo (1984) plot curves which decrease to zero 
at 4.6 Ga. whilst the curve of AJIcgre and Rousseau (1984), also given by Ben 
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Figure 6.16 The evolution of ,+, Nd/ ,M Nd isotopes with lime in the nuntlc, the conrincm.il crust and 
ihc bulk, earth Relative to the bulk tarth (til IL R) in which the fracnurution of Sm/\d iv 
normalized to unity, the depleted mantle (DM) hat a high Sm/Nd ratio and shows higher 
'*'\d/ ,+4 Nd The continental crust has lower Sm/Nd and shows j retarded ' l, \d/ 1H \d 
evolution with rime, Enriched nuntlc (EM) shows some nlimitv with the continental crust 
inasmuch as it also has a retarded M \d/ ,,4 \d evolution Note that in the Sm Nd system 
the crust slwiws retarded isotopic evolution whilst in the Ifh-Sr system it shows accelerated 
evolution relative to the bulk Karth and mantle (cf. Figure 6.IS). 

Othman ft at. (1984), reduces to an epsilon value of +2.5 at lOGt, Some support 
for depleted mm tie very early in the history of the earth comes from the work of 
Collcrsort et at. (1991). 

The Sm/Nd ratio of the continental crust is highly fractionated (<1.0) relative to 
CHI R and shows retarded t£ \ r d/ H, \d evolution with time (Figure 6. lot J’his js 
the opposite of the Rb-Sr system where the strontium-isotopic evolution of the 
crust shows accelerated evolution with time relative to the mantle. 


Tht evolution of The isotopic evolution of lead isotopes with time is illustrated in Figure 6.18. 

Pb itutopei tritl) Because there are so many variables in lead isotopic systems (since we are dealing 
tint with three different decay schemes) it is nut convenient to display the data on the 
same type of time \s isotope ratio diagram as is used for Sr and Nd isotopes, and 
the coocordia diagram is a better choice. On this diagram families of concordat 
(growth) curves can be drawn for different ' "Ti/^Pb ratios (|1 values) (Figure 
6.18b). Mach curve can be calibrated for time and equal time points can be joined to 
give isochrons (Figure 6.18b and v), 
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Brevart cl at, (1986} use Pb isotope initial ratios to demonstrate mantle 
heterogeneity at 2.7 Ga and have constructed a depleted mantle curve from 2.7 Ga 
to the present day from the initial ratios of kotnaltiles and basalts on a aift Pb ^Pb 
isotope evolution diagram. 


6.3.4 The epsilon notation 


An alternative way of expressing isotope ratios which allows greater flexibility in the 
way in. which isotopic data arc presented is the epsilon notation (DvP.uilo uni 
Wasscrburg. 1976). Isotope ratios are only strictly comparable if the samples plotted 
are of the same age The epsilon value is a measure of the deviation of a sample or 
sample suite from the expected value in a uniform reservoir and may be used as a 
normalizing parameter for samples of different age. It is normally calculated for 
Nd, although some authors also calculate epsilon parameters for Sr isotopes. 

Calculating In the study of neodymium isotopes the epsilon parameter is a measure of the 

epuion reluct difference between the ,4j Nd/ ,+, Nd redo of a sample or suite of samples and a 

reference value, which in this case is CIIUR. Epsilon values arc used in three 
slightly different ways |w the worked examples m Bu\ 6.2) which arc described 
below. 


Box 62 


Worked example of r N(t calculations 

fit c*,, values for an Isochron 

Using the data Pom Hamilton ef at. I1979bt in Table 6,2, presented in Figure 6 2: 


initial ratio - 0.50809 

Isochron age ■ 3 54 Ga 

decay constant ). • 6.54 * t0' ,, yr 1 




,0 Nd> l144 Nd lnJ , ial 


x 10* 


16 12) 


First calcufato tho value of CHUR at time t from the equation using the CHUR 
values from Table 6,3 (normalited to ,46 Nd/ u *Nd - 0.72191, Sm/Nd -0.325. 


,4J Nd 

,M Nd 


CHUR.r 


" 3 Nd 

**'Nd 


CUUfl t U*l*y 


U7 Sm 

144 N<1 


m 1' 

CHUR.Uttlay 


[6,131 


CHUR.r - 0.512638 - 10.1967 x le 1 * 84 ' 10 "» - 

- 0.512638 - 0.004607 

- 0 508031 


Then using Eqn 16,121, 


^teochrorvf m 


[ 0.50809 
10.608031 
1.16 


x tO 4 


(2) f J * t values for Individual rocks at their time of formation 

Taking a single rock from Table 6.2 — sample HSS-74 Isodic porphyry!, 
M7 Sm/ U4 Nei • 0,1030, ur, Nd/ u *Nd - 0 51Q4R7 and using the equation 
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Box 6 2 
(continued) 


l! 


,4J NcV" 4 Nd 


™-- 1 x 10 4 


Nd “W-NtW, 

First calculate ,4:, ISJd/ ,44 Nd rock at 3.54 Ga from 


,M Nd 


1 143 Nd | 

I ,47 Sm ] 

,44 Nd 

rodLf 

,44 Nd 

l u ‘ Wtl , 


J Nd 


,44 Nd 


x la" -11 

*OCk.104tty 


- 0,510487 - <0.1030 x (a'*-”" 10 '* * •3»*.to , i _i jj 

rod,! 

0.510487 0.002412 


[6.141 


1615] 


- 0.508075 

Then from Eqn [6.14E 
0.508075 


£ Ni» “ 


0 508031 


- 1 


10 * 


- 0.87 


(31 values for individual rocks at rha present day 

The present-day deviation from CHUR may be easily calculated from the equation 
below. 


£ Nd - 

( w N<v m Ndf 


0-510487 

0§12638 

■t 


Summary 

ruxtinpn 
‘■Nd.l W G-» 

- 1.16 

Mmo* HW-74 
r Nt1.3 Si G# 

- 0.87 

r «rt,l«l*V 

- -41.96 


< ,<:i Ndr**Ndl,^ 0o ^ _ f 


(^«un.ixK!«v 


x 10 4 


16161 


fa) Epsilon values uilculaied for an isochron Epsilon values .ire frequently quoted 
forSm-Nd isochrons n.l .uc a measure of the difference between the iuin .. i .ir.....,.r' 
the sample suite and Cl IUR at the lime of formation, expressed in parts per 111'' 
(sec Figure 6.2). They arc calculated from the expression 




■ ( w Xd/ lw Nd) ,„,. M 
( H> Nd/ ,44 Nd) CHURj 


x 10 4 


[ 6 , 12 ] 


where (’^Nd/'^Nd)-^ is the experimentally determined initial ratio of the 
sample suite at the lime of its I'urmarion (f) an i ; undated from the isochron, 
( ,4, Nd/ |44 Nd)i i;HLR ^ is the isotope ratio of CHUR ar nmc » and is given by die 
expression 


,43 Nd 1 


t43 Nd 1 


r l47 Sm 



Nd j 

CHUR j 

: 

X 

z 

a. 

CHUR,hhU> 

,+4 Nd 

xfc* 4 -1) 
atuRj«u> 

(6.131 
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Fiqurf 6.S7 The contrasting evolution of in the continental crust and mantle. CHUR it the 
chondritk uniform reservoir; it is equivalent to the bulk Earth value and is used as rite 
reference against which tuber measurements are made. Hence for CHUR is zero. Five 
curves arc shown for the evolution of the depleted mantle. Curve (I), after lie* and 
McCulloch f 1985), assumes the derivation of the depleted mantle from CHUR at 2.7 Cjb and 
linear evolution until the present-dav value of +10. Curve (2), after DePaolo (19flla,b), may 
be plotted from the expression O.lSr 1 - It + 8.5, where t is the time before the present ta Ga. 
Curve (3) is taken from Nelson and DcPanlo (19X4 Figure 2). Curve (4) is from Goldstein 
ei at. (19X4) and assumes the linear evolution of the depleted mantle between a value ol +1(1 
at the present day and 0 at 4.5 Ga. Curve (5) is based upon data from MORI), ophiolites. 
komatiites and meteorites and is calculated from the expression given both by Ben Othtnan tl 
at (19X4) and Allegro and Rousseau (1984): ( 1+J Nd/”*Nd)nM = Ar ■* lit + C, where I ~ 
1.53077 x 10 *, B - -0 22073 x 6.54 x 1(T } and C = 0.513078. (‘*Nd/ w Nd is normalized 
io 0.7219 and t is time before the present, in Ga). Point (6) is fur samples of 3.8 Ga residua] 
mantle from Colkrstnt <t at, (1991). It should be noted that both curves (3) and (5) use the 
data of Uanue-Long el at, (1984) for the Kambalda volcanic* which are now known id be 
incorrect, The lower curve is for Australian shales from Allcgre and Rousseau (1984) and is 
thought lo approximate to the evolution of average continental crust through rime 

Values for CHUR are given in Table 6-3. It should be noted that different 
laboratories use different normalizing values for the M 'Nd/ l+ *Nd ratio and the 
correct value of CHUR must be selected. However, if this is done, then rhe 
in ter laboratory differences in w Nd/ W NJ virtually disappear, making the epsilon 
notation a very useful way ol displaying data from different laboratories. 

(b) Epsilon whin Jut indivuiuut rtuks at ihfir time of formation Epsilon v alues 
calculated at rime /, the lime of formation, arc frequently tabulated along with 
Sm-Nd tsotopic data. ‘ITicy are calculated from the expression 
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Eptihn valurs 
for Sr iwtoprs 


Flfurt h. fS 


P 1 

k Nd 




■Nd/'^Nd,,^, 
M, N<1/ '**N<W, 


- 1 


x 10 4 


[6.14] 


where the tmnpusition of CHUR Jt time t is calculated from Eqn [6.13] and the 
composition of the simple at time t is calculated usiti . rli< expression 


IO Nd 1 


t 

z 

c- 

_ * 


,47 Sm 1 

,44 Nd 

rocV,r 

,+4 nj 

r -i 

roci.tuiLiy 

'*‘Nd 


■ |f — 11 

fucljodftV 


I6-I5J 


In calculating E* VJ for individual samples, the value for t max be taken either from the 
isochron to which the samples belong or, where the Sin Nil isochron may not 
record the true age of the samples, from an independent estimate of the age from 
some other gcochronologkaj technique. 


({ ) F.piiton i t ihut far imtividuai rot fo at the prenraf Jay Epsilon values are also 
i',ifni',i r cd lor individual samples at the present day from the expression 


mdljr _ 

■ N J ~ 


('■'Nd/'^dL., _u. 

(' J \d/ l+4 Nd) olL1Rj0<Ji> 


x I0 4 


[6,I6| 


The ma(;ni(udc uf ihe present-day valuta reflects the degree of time integrated 
depletion in Nd relative to CHUR as expressed by the factor f SgnJ VJ (see bebvv). 


Epsilon values may be calculated from K? Sr/ v, Sr ratios in exactly the same way 
as for neodymium isotopes. There is however a problem with, calculating f Sr values, 
for as can be seen from the data in Table 6.R and in Fipire 6.14 the bulk Earth 
values for * Sr/ ,v> Sr .ire not welt known, For this reason when t\ r values are )dotted 


The evolution of taul iwtupes with time, (a) The growth curve for ^Pb/^Pb and J0 *Pb/ 
^ ,4 Pb thruugh time The tocu* uf points i* a curve because the two isotope ratios are 
produced at different rJEev The starting C WMpOOO Ofl at the formation of the Earth <4.57 tin) 
is taken from the isotopic uimpoxiikin of rrailite in die Canyon Diablo meteorite (Box 6.1). 
This grow th cone assumes .i * n Li / ‘ H|u+ I^b ratio (p value) of 9jD. (b) A family of growth curves 
for lead isotopes idewkal to that deputed in (a), showing lead isotopic growth from the 
primeval composition at 4,57 Ga until the present for |i = 8, 9 anil 10. Isochrons for fl r LO, 
2,0 nmJ ;V0Ga arc the Imes which )oin rhe 0, 1,0, 2 0 and 3,0 Ca points on each growth 
curve The 0 Ga rwhnwi is known os the gcochron (c) A single-stage lead isochron for 
2.0 (ja. The isochron line joins sin* 2.0 Ga points on the growth curves fur four differem ft 
values and posses through the primeval lead composition .it 4.57 Ga; it represents a suite of 
samples which evolved frum 4.57 Ci.i until 2.0 < 1 when they were isolated ' uli inium. 
These values have remained fr ow n n rl ■ u:e 2.0 Ga, The growth curves in these 

diagrams arc based upon the assumption ili.ii the isotopes uf k-.-.d lu ,r evolved uninterrupted 
si nee the format wan of the Farth This is thought to be a simplification and normally i more 
complex model of lead isotope evolution is adopted (Stacey and Kramers, 1975; Gumming 
and Richards, 1975). 
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Calculating the 
uncertainties m 
epsilon values 
tpheu they are 
determined for 
isochron 
diagrams 


The meaning of 
epsilon values 


tetany authors show both the initial ratio ami the epsilon value. Because of the 
uncertainty ovri hiitL lurth values and to save unnecessary confusion and 
ambiguity, it is wise at the present lime to plot only the 8 'Sr/ #<, Sr ratio, applying 
an age correction if necessary . 


Points on an Sm-Nd isochron typically plot far away from the origin. In order to 
obtain a greater degree of accuracy in determining the initial ratio, some 
gcochronologtsis have plotted fclsic rocks (with small Sm/Nd ratios) on the same 
isochron as basic igneous rocks with larger Sm/Nd ratios However, this 
stretches the assumption that rocks plotted on ft common isochron .ire oogenetic. 
An alternative method of reducing ihc error in calculating initial ratios and hence 
epsilon values was proposed by Fletcher and Busman (1982). who suggested that 
the origin of the 147 Sm/ J44 Nd axis be translated from zero to 0.1967. the 
present-day composition of CHUR (Table 6.3), prior to performing the line¬ 
fitting operation. This is achieved simply by removing 0.1%7 from all the |J 'Sm/ 
m Nd coordinates. All other data parameters arc unchanged. With this 
translation the l4 Sm/ ,+4 Nd origin usually falls within the compositional range 
of the data-set resulting in a more precise determination of the intercept. The 
intercept value determined in this wav is the present-day composition of u '\d/ 
|4< Nd in a hypothetical sample which has the same ,47 Sm/ ,44 Nd as CHUR. 
This value may then lie compared with CHUR to calculate the epsilon value 
using the equation 


£i 


Nd 


I . i 


Nd), 


Wimpk M 1‘lr.I.tncljy _ | 


( n t \d/ 


x 10 4 


|6 171 


The definition of differs from (Kqn [6.12], above) but the difference 
between the calculated values of the two is less than 1 i.c. less than 0.1 epsilon 
unit in all terrcsirial rocks. 


The symbol represents the ‘initial’ v ilu •«f f Nd in the rock at the rime of its 
crystallization and is useful because ir provides information about the magma 
source. For example, if in an isochron calculation - 0, then the cpsilun value 
indicates that the magma was derived from a mantle reservoir which has had a 
chondritic Sm/Nd from the origin of the earth until time t. A positive value of 
epsilon for igneous rocks implies a magma derived from a source with a greater 
Sm/Nd than CHUR, i.c. a depleted mantle source region, whereas a negative 
epsiltin v.iUtr implu-s j -.iMirce with j lower Sm/Nd than ClIL'R, i.c. an enriched 
mantle source or a crustal source- F.psilon values for individual samples may be 
calculated as a rest of cogcniciry or of contamination in samples which have been 
used in an isochron plot. 

kpsiton values (today) for individual samples arc a measure of the extent to 
which the individual samples are fractionated relative to CIIUR as defined bv the 
fractionation factor /" Sm ' (sec below and Figure 6.19) 

F.psilon values vary with time and the following approx inn nr may he used to 
calculate epsilon (/) from epsilon (today) 

= eSS"- a ,,/ 5 ""' 1 X ‘ ( 6 . 18 | 

where/ Slt,/Na is given by Eqn [6.19] (below) ami (J is 25. U Cm w hen U(, Nd/ 
,4J Nd is normattiwd to 0.63151 (DePoolo, 1988) and when jQ is 25.09 Ga 1 when 
|4 "Nd/ m Nd is normalized to 0.7219. 
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f{Ga) 

Figure 6./9 lime (<> «|»iilcii! evolution duCTnm lor 3.8 Ga mctaliamiuitn from Labrador (adapted from 
Collcrson ft 1991), Komstiilcs were produced from depleted nuntlc at 1 8 Ga with 
individual simples ranging in composition from E = +0.2 to +2 3, and with variable Sm/Nd 
ratios i/ SmV ' - II 17 to 0.S9). Individual samples have evolved to present-day epsilon value* 
between + 16 and +56 The mciakomaiiitcs show extreme depletion relative to the depleted 
mantle curve (/" Sn " ' SJ = 0.09) of DePaolu ( I98la). 


'fhe fractionation The parameter f is a fractionation factor (often written as / s ""') and is the 

factor f Sm,fiA ,47 Sm/ ,44 Nd analogue of epsilon, for it is a measure ol Sm/Nd enrichment ; i a 

given reservoir relative to CHUR. If is calculated from the expression 

/ = [< 147 Sm/ ,44 Nd) !0lUt /( 147 Sm/ I44 Nd) aiLR ) I] [G.19J 

Thus an f 9 "'™ value of +0.09, as is adopted for one particular model of the 
depleted mantle, has a lime-averaged Sm/Nd which is 4' ,> higher than CHUR 
Over time this leads to positive epsilon values for the depleted mantle. 
Mctakomaiiilcs of 3.8 Ga from Labrador have values between +11, to to +0,59 and 
indicate a depicted mantle source with a substantially higher Sm/Nd ratio 
(Collcrson ft af., 1991). This is illustrated in Figuri 6 I" and shows how samples 
with high positive f values evolve to very high present day epsilon values. 


Eptilon-Nd lime A convenient way of plotting calculated epsilon values is on an epsilon-time 

plats diagram analogous to a mantle evolution diagram described in Section 6.3.3. A 

range of depleted mantle evolution curves arc presented in thi- n in Figure 6.17, 
for the Cnj notation is a convenient way of eliminating interlaboratory differences in 
,4J Nd/ ,44 Nd ratio. Many workers plot e values relative to CHUR and a model 
depleted mantle as a means of determining the likely mantle source of the sample 
(Figure 6.8). Strictly this should be done only for an e value calculated from an 

isochron and the method of Fletcher and Rosman (1982,1 should be employed to 

calculate two signtu error polygons for each data point (Figure 6.20); E values 
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Figure 6,20 Diagram of vs time showing 2 O error polygons calculated using the method of Fletcher 
and R osman (1*182). llic data are for ihc Lewidon complex of north-west Scotland (from 
Wl iuhiiusv P189a) and arc plotted relative to the depleted mantle curve (DM) of DePoolo 
' "S\ t .1 d ( III ; I'-. : Til pill'. L.-ns • ’./ 'in. cl 1.1,.It; ' I . 

determined from isochrons for quartrofelvKpathic gneisses (shaded) and for layered 
roaiic-ullramalie- intrusions (unshaded) from three diffennr . on , ■■ isun complex, 

’Idle mafic-ultrainafie intrusions (unshaded) lie dose to the depicted mantle curve and may 
be derived from a depleted mantle source The large error and high positive e VJ values for 
the quamolcklspjchic gnci»cx make them more diflkult to interpret. 

calculated for individual samples may also be plotted, provided the age of a sample 
is known with certainty, hi addition, individual simple evolution curves may be 
drawn for different values of/ Srpl SIJ (Figure 6.19). 

In contrast to the depleted mantle, the continental crust shows retarded 
,44 Nd evolution relative to CHLR with time (Figure 6.16) and generally has 
negative E values. Figure 6.17 shows the evolution of Australian shales with lime 
from Allegre and Rmisseau (1984), for these arc thought to approximate to the 
evolution of average continental crust through lime. 


6.3,5 Isotope correlation diagrams 

In the light of the contrasting behaviour of the different isotopic systems outlined in 
Scviim 6.3.1, it is instructive to investigate more than • >riv isotope system in a pven 
suite of rocks. This allows us to identify correlations between pairs of isotope ratios 
which, in turn, lead to a belter understanding of the pctrogcnois Most simply the 
relationships are investigated on an isotope correlation diagram an i v graph on 
which a pair of isotope ratios is plotted- Isotope correlation diagrams were used to 
display the contrasting compositions of crust ami mantle reservoirs (Figures f>,9 to 
6.12) and arc a means of investigating mixing processes between sources of 
contrasting composition. 

It is unlikely, however, that petrogenetic processes can be satisfactorily reduced 
to two dimensions, and this must be borne tn mind when using two-dimensional 
projections (Zindlcr and Hart, 1986). In fact Zindler ft at. (1982) proposed a three- 
dimensional Sr-Pb-Nd plot for oceanic hasall- .uul showed that avenged data 








Radrogonic isotopes in jwitrogenoste 


257 


* 5r/ ?|,, s> 



i.70 b 
■ 0. SI 32 


0.51 >0 ? 


0.5128 ^ 
0.5126 ' 


0.5124 


Figure 6,21 


l sing isotope 
correlation 
diagrams and 
.epsilon plots to 
recognize 
processes 


Three-dimensional plot of average ®*Pli i J,M Pb. Uj Nd/ ,44 Nd and ^Sr/^r for oceanic 
basalts, indicating: coherence of isotopic raii<A (after Zindlcr tt of., 1982). 

define i planar surface, implying coherence between Sr-Pb-Nd in the source of 
oceanic basalts (Figure 6.21). This too, however, is an oversimplification, as is 
apparent from the Pb-Sr-Nd-Hf study of Srille et al. (1983), who show that data 
from Hawaii do not plot in live mantle plane of Zindlcr et al, (1982) and suggest 
that L-Pb fractionation may be decoupled from Rb Sr, Sm~Nd and I-u-Hf 
fractionation. 

Trends on isotope correlation diagrams arc most commonly interpreted ns mi sing 
lines. The mixing may be in the source region, in a magma chamber or between a 
melt and a 'contaminant', such as the wallrock into which a magma is emplaced or 
through which >r Ins travelled. Langmuir et at. (1978) describe a general mixing 
equation which can be applied to isotope ratios. Compositions resulting from 
mixing normally lie on a hyperbolic curve (see also Section 4.9J), but if the ratios 
have a common denominator (as in the case of s7 Sr/ w Sr vs ^Rb/^Sr and “’Pb/ 
2Wpb vs ^^Pb/^Pb), then mixing will produce a linear trend. 

(a) Mixing between sources For a number of years, students of basalt chemistry 
have regarded the isotopic compositions of oceanic basalts as the result of mixing of 
a variety of mantle sources, This is home out by linear and curvilinear arrays on 
isotope correlation diagrams such as the N'd-Sr mantle array (Figures 6.9 and 6.10) 
and the Pb Pb isotope N1LRL (Figure 6.11), Similar principles apply to mixing 
between crust and mantle sources. 

Many authors ponr.iv mixing on an Nd-Sr isotope correlation diagram following 
the principles outlined by DePaolo and Wasserburg (1979). For instance, 
McCulloch et ai (1983) use this diagram (Figure 6.22) to show how the 
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Figure u,22 H3 Nd/ ,44 Nd vs ^‘Sr/^Sr correlation diagram showing two hyperbolic mixing curves for 
difkrt-m ratios of (Sr/Nd^^Sr/NdJi^i between depleted mantle (DM) and enriched 
manile (KM). The mixing can account for the range of ^’Nd/ l **Nd and ''Sr/^Sr values 
observed in limberlncs and binproittv from western Australia (after McCulloch ti a/., 1983), 

composition of kimberlites and lamproitca may be derived by the mixing of MORE 
type depleted mantle and an enriched mantle similar to EMU. McCulloch and 
Chappell (I9H2) also used the Nd-Sr diagram to explain tile contrasting isotope 
chemistry ot S and l-typc granites in terms of mixing between ikphied rtuntle and 
a sedimentary crustal component. More complex examples of mixing between three 
end-members are discussed by Shiney et ui (1987) and F.llam and I law kesworth 
(1988) in studies of oceanic basalts and subduct ion-related magmas respectively 
The identification of mixing as an important process both in the mantle and 
between the crust and mantle inevitably leads to more profound questions about 
mechanisms of mixing and how they relate to major plate tectonic processes. This 
takes us into the held of pen-dynamics — a topic briefly discussed at the end of this 
chapter. 

(h) Mixing m a magma chamber Sharpe (1985) showed that Sr isotopes can be 
used to monitor magma mixing and multiplicity of magmas in a layered intrusion. 
He documented the strontium isotopic change with stratigraphic height within the 
Bushvcld layered intrusion and showed that there is a gradual increase in initial 
^Sr/^r with height up the intrusion and that there is a marked increase in initial 
ratio in the central part of the layered intrusion the Main Zone (Figure 6.23). 
The gradual change in ^Sr/^r from 0.7065 at the base of the intrusion to 0.7073 
at the top is interpreted as magma addition and mixing. The high initial ratio of the 
M in Zone (0.7085) represents a dillm-ti liquid layer (probably contain .r-.- 1 • itl 
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Change in ^Sr/^Sr with stratigraphic height in the Bush veld intrusion, South Africa. The 
gradual increase in *‘Sr/*°Sr with stratigraphic height reflects the addition and mixing of a 
BMfn i :lii a |ii;" i ■ ,SW <Sr ratio. ilMOMBfecd iBCIHH fc faolnpi. r.i.-i: i lietwccti 
the pvroxenire marker and the Vlerensky Reef marks the influx of a new pulse of magma 
{after Sharpe, 198$). 

shales) intruded into the density-stratified magma pile near the base of the mngma 
chamber. 

(a) Contamination of magmas by tin ■ contmtniat trust ‘Hie expression crustal 
contamination can have a number of difTerent meanings. Most normally it means 
‘the contamination of mantle derived melts by continental crust after they have left 
the source region’ (Hawkesworth and van Calstcren, 1984). However, it can also be 
used in the sense of a mantle source region from which magmas are derived which 
was contaminated by crustal material at some time in the past by, for example, the 
incorporation of subducted sediment into the mantle. Ore of the problems for 
geochemists is that it is not always easy to discriminate between the two processes 
on the basis of rock chemistry. 

Crustal contamination may arise in a variety of ways. Mechanisms include the 
bulk assimilation of crustal material, the assimilation of a partial melt derived from 
crustal materials and the selective exchange of specific elements aided by the 
transfer of fluids from crust to melt. The more evolved members of an igneous suite 
are more likely to show evidence of contamination, for they have spent the longest - 
time in the continental crust. 

Stable isotopes, particularly oxygen isotopes are probably the most sensitive of 
all isotopic systems to the process of crustal contamination (Haw Ices worth and van 
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CaJstcrcn, 1984) and this topic wilt be treated in the next chapter (Section 7.2.3), Of 
the radiogenic isotopes, Nd isotopes arc the least sensitive to this process whereas 
Sr and particularly Ph isotopes arc of great value. The ability of lead isotopes to 
detect the contamination of mantle-derived melts by old continental crust lias been 
elegantly demonstrated by Taylor <7 at. (1980). They show that the late \ reha can 
(2.85 Ga) Nuk gneisses of west Greenland were contaminated to a varying extern by 
lead derived from early Archaean (.1,7 Ga) Amirsoq gneisses. The essence of their 
argument, summarized in Figure 6.24, is that the isotopic composition of lead in the 
vi r evolved very slowly (ram 3 7 ( ■ l to 2.85 Ga cut ipai .1 with th:-.t in b 
mantle so that at 2.85 Ga the two had distinctly different isotopic compositions, so 
much so that the degree of mixing between the two sources of lead could be 
determined. Sr isotopic compositions in these same rocks are low, even in the most 
contaminated rocks, indicating that the contamination was selective and leading the 
authors to suggest that the contamination process was probably related to a fluid 
phase 

Gray el al (1981) use a Nd-Sr isotope correlation diagram to show the effects of 
contamination of the Proterozoic Kalka layered basic intrusion with the 
quartzofeldspathic granulitc country rock (Figure 6.25a). Their samples lie on a 
mixing line between the composition uf the granulitcs and a basaltic source within 
the mantle array. It should be noted, however, that the isotopic compositions of 
Jurassic doleritcs in Tasmania plot in a similar position on a Nd-Sr isotope 
correlation diagram (Hergt el al., 1989), but in this case there is a very different 
interpretation. Hergt el al (1989) believe that the Nd -Sr isotopic character of the 
niL-lts watt inherited from their mantle source region, rhar a small amount of 
sediment was introduced into the source region by subduction and that the isotopic 
signature of this component overprinted that of the mantle (Figure 6.25bf 
DifTcrcntiaring between contamination in the source region and contamination 
during transport through the continental crust can be difficult using isotope 
correlation diagrams alone and additional information,, such as that from stable 
isotope studies and from radiogenic isotope-trace element plots is necessary. 

(b) Crustal (onlamnatum and AFC processes DcPaolo (1981b) has shown that 
.Assimilation and Fractional Crystallization (AFC), a popular mechanism of 
contamination, may shift compositions on an isotope correlation diagram far from 
what might be expected on the basis of simple mixing. On an Nd-Sr isotope 
correlation diagram simple mixtures will dehne a straight line trend between the 
magma and contaminant, whereas in AFG processes when the bulk solid/liquid 
distribution coefficients for Nd and Sr differ markedly then there is a significant 
dtp nturc from the ample mixing curvt Powell (1984) inverted the equations oi 
DcPaolo (1981b) in an attempt to calculate rhe composition of the contaminant 
from an AFC trend on an isotope correlation diagram, 

(c) Cortlarmnaiwr) mit/i stasrattr The high "'Sr/ ^Sr ratio of seawater relative to 
manrlc values as seen in oceanic basalts (Figure 6.15) means that the exchange of Sr 
between seawater and ocean crust in a mid-ocean ridge system has capacity to 
produce relatively radiogenic ^Sr/^Sr ratios even in young MORB and associated 
sulphides (Spooner el ai 1977; Vidal and Cfaucr, 1981). Nd isotopes arc in contrast 
relatively insensitive to this type of contamination and a plot on an Nd-Sr diagram 
shows enhanced ^Sr/^Sr at constant ,43 Nd/ l+ *Nd. The length of the vector is 
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The isotopic evolution of Pb isotopes on a ^ Pb/* !H Ph vs M4 Pb/* , Pb diagram <vf the type 
described in Figure 6.18, showing the eficcl ol crustal coniaminatinn on a mantle-derived 
melt The single stage growth curse is for p ( - 7.48. At 3.7 Ga gneisses separated from a 
mantle source and evolved along a series of growth curves with average Pj ~ 1 |h indicating 
extreme depletion in L. The present-day composition of the samples pints at the lower end 
of the curve joining 3.7 Ga with 0 Ga. At 2.8s (ia the average composition of these gneisses 
is at A. The mantle source vnlh p, = 7.48 has a cmnpmilion \ at 2.85 Gi and magmas 
extracted from a mantle source at this time will he dung the line between \ and 0Ga 
Magmas extracted from the mantle at 2.85 Ga and contaminated by 3.7 Ga crust at 2.85 Cn 
will lie on the mixing line AN at a point such as M Rocks crystallizing from this melt M will 
evolve along line MP (after Taylor a at., 1980). 

proportional to the effective water/ruck mass rutin Pb isotopes arc lew predict .tide. 
Vidal and Claucr (1981), in a study of recent suphides from the East Pacific Rise, 
found that the Sr isotopes showed evidence of seawater contamination whereas the 
Pb isotopes did not. Spooner and Gale (1982), however, in a similar study of larger 
Cretaceous mid-ocean ridge sulphide deposits, did find evidence of con tarn iruuitni 
from seawater Pb. Chivas ti a!. (1982) used Sr isotopes to calculate water/rock 
ratios in diuntes and granndiorites altered by seawater using an equation analogous 
t'i i ia! used by Taylor (1974) for oxygen isotopes (Eqn [7-14|). 

Since an isotope ratio cannot he fractionated by crystal-liquid equilibria and 
therefore ia indicative of the magmatic source, the correlation between an isotope 
ratio and a major or trace element can be used as a guide to I he major element or 
trace element composition of the source. Typically, ratios of highly incompatible 
trace elements (Section 4.7.1 and Table 6.7) ate most useful in characterizing the 
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Figurt 6.25 (a) l# *Nd/ w Nd vs * 7 Sr/ w Sr isotope correlation diagram showing the compositional 

variation within the IVotcroroic Kalka layered baste intrusion (shaded) and the composition 
of the gmnuliic country rock (+ and higher values of ^Sr/**Sr} nrlative to the mantle army. 
The hLgh ^Sr/^Sr uric* in the layered intrusion are interpreted by Gray rt ut (1981) ns 
contamination from the granulite lades country rock, (b) l43 Nd/ l4 *Nd vs "Sr/^Sr isotope 
correlation diagram showing the compositional variation within the Tasmanian doleriTcs. The 
high w Sr/"*Sr ration in the dohrntes arc interpreted by Hergt e: ai. (1989) as inherited Irunt 
the mantle source region of the magma, which may be contaminated with subducted 
sediment. 

elemental composition of the source region. Thus, correlations between isotope 
ratios and ratios of highly incompatible trace elements arc likely to indicate mixing 
between compositional!) distinct sources. 

The equations of laingmuir et a!. (1978) predict that data plotted on an isotope 
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ratio vs trace element diagram with a common denominator (c.g. 8j Sr/ s< 'Sr vs 1/ 
W Sr) will define a straight line. Mixing diagram of this type, however, can give rise 
to spurious correlations because of the common denominator effect {Dodson, 1982; 

_ Q JT 

and discussion in Section 2.5.3). An additional problem with the 'Sr/ Sr ratio 
vs l/Sr diagram* highlighted by Viensing el §L (1984). Is that, in the ease of basaltic 
hv.i-7 undergoing fractional crystallization and assimilating crustal material {AFC), 
the composition of the contaminant docs not he on the magma evolution trajectory 
Thus the linear mixing trend cannot be used to determine the composition of the 
contaminant. 


6.3.6 Mantle-crust geodynamics 

The ultimate result of defining crust and mantle isotopic reservoirs must be a model 
which explains how the reservoirs interact and how they obtained their present-day 
compositions, One of the major successes of modern isotope geology is that such 
unifying models now exist and arc able to link reservoir compositions to the 
processes that govern plate tectonics. In detail there arc two types of appruach. 
Models based upon Pb isotopes and which chiefly emphasize crustal reservoirs have 
contributed greatly to our understanding of the evolution of the continental crust. 
This type of modelling is known as plumbotectonics, Models which emphasize 
mixing processes in the mantle, and which are based upon a number of different 
isotope sy stems, are described here under the heading ‘geodynamic models’. 

PlumtwUctoma A model based on the discriminatatory power of Pb isotopes was developed by Doe 
and Zartman (1979), who showed that there arc variations in initial lead isotopic 
composition which arc related to tectonic setting. They showed that three reservoirs 
(the upper continental crust, the lower crust and the upper mantle) can be 
characterized by their concentrations of U, Th and Pb (see Table 6.5). U, Th and 
Pb are concentrated in the upper crust with T and Th enriched relative to Pb so 
that the upper crust evolves radiogenic lead The lower crust is depleted in Th and 
Li and evolves unmdiogenic lead, The mantle ha;, lower concentrations of U, Th 
and Pb than the continental crust but has U/Pb and Th/Ph ratios which lie 
between the two crustal reservoirs and so evolves Pb of an intermediate character. 
The mixing of Ph in three reservoirs takes pi.nt in ’orogenies’ (or OTOgcncs) 
producing a fourth ‘mixed’ reservoir. 

In the several versions of their models. Doe and Zartman (1979) and Zartman 
and Haines (1988) have plotted curves to show the Pb isotopic evolution of the four 
reservoirs with time. A plot of • l "'Pb/ 3w Pb vs ^'Pb/^Pb discriminates well 
between the upper crust and the lower crust/mamlc and a plot of ^Pb/ ‘‘^Pb vs 
I0 Vb/ ~ l>4 Pb discriminates between the lower crust and the upper crust/man tic 
(Figure 6.26). 

GeodynamUs Correlations between isotopic tracers has led to a search for an explanation of these 
phenomena and has given rise to a scries of tectonic models for the chemical 
structure of the Earth, These models are* constrained both by the isotopic data and 
our present understanding of plate tectonic processes. 

Consider, for example, one of the early observations drawn from isotope 
correlation diagrams. In Figure 6.10 the Nd-Sr compositions of the continental 
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(b) ^pb/^pb 

Fr^ure t\,2h I*ead isotope evolution curvet for ihe lower enue, upper cru« 4 manilc and orogcnc plotted 
few (a) “pb/^Pb vs ^b/^b and (b) ^Pb/^Ph v> ^Pb/^Pb for plumbolectonio 
version IV (from /airman and I taints, 1988). The tick* on rath curve are at 100 Mb 
intervals. 

i nisi and oceanic btflltt tft plotted fditivt t>> rhe ciimpisition of the hulk. Earth, 
Oceanic basalts arc enriched in Nd and depleted in Sr relative to the bulk Earth 
whilst the continental crust shows the opposite relationship. This suggests that rhe 
continental crust and the mantle source of oceanic basalts arc complementary 
reservoirs of Nd and Sr and that the continental crust has been extracted from the 
Earth's mantle leaving a reservoir enriched in Nd and depleted in Sr. 

It a ■ i it way the Isotopic composition of crust ai d mantle reservoirs have 
been interpreted by means of a scries of mass balance equations between crust, 
mantle and the original composition of the bulk silicate Earth. This has allowed us 
to explore the interrelationships between different reservoirs, set limits on the 
proportion of mantle involved in the formation of the continental crust and offer 
insights into the nature of mantle convection (Allegre et <ii, I983a.b; Alltrgrc, 1987; 
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Figure 6,27 Cartoon diagram showing the different crust and mantle reservoir* and the possible 
relationships between them, based upon the observations of isotope geochemistry The 
nuntle reservoirs arc identified using the nomenclature of Zindler and Mart (1986): l-.M, 
enriched mantle; DM. depleted mantle; II1ML, mantle with high L'/l^ ratiu, PRJvMA, 
prevalent mantle; PM, primitive mantle 

Galcr and O’Nions, 1985, Zindler and Han, 1986). A cartoon illustrating a possible 
way in which the different reservoirs interact is given in Figure 6.27. 
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Using stable isotope data 


7,1 Introduction 


Most naturally occurring dements consult of more than one stable isotope. In 
Jen inns \m'Ii i.i ammit r.r,-, of lev- -0 (i..;, lighter than Ca) it is pi ssiblc for 
the isotopes to be fractionated through physical processes as a consequence of the 
mass difference, berween rhe isotopes. The degree of mass fractionation is 
proportional to the mass difference. At atomic masses higher than -W tin- relative 
mass differences arc too small to allow isotopes to become physical k separated. 

In geochemistry the study of stable isotopes is a powerful means of studying the 
light elements : l.l V O and S — a group of elements not easily studied in other 
ways. These elements arc often the main constituents of geologically important 
fluids, thus affording a means of directly studying both the fluids and the effects of 
fluid-rod interaction. In addition, stable isotopes arc used as tracers to determine 
the source of an element, as palacothcrmomctcrs and as a means of studying 
diff usion and reaction mechanisms in geological processes. In this chapter we will 
survey the use of the stable isotopes of h>drogen, oxygen, carbon and sulphur and 
illustrate their role in elucidating geochemical processes in igneous, mctamorphic 
and sedimentary rocks. More detailed treatments arc given by Ilocfs (1987) and 
Valley ft ai (1986). 

Conventionally stable isotopes are convened into a gas (usually IT, COv or SO?) 
for thi ■ i p, ., ni isotopic analysis and the mass differences are measured in a 
mass spectrometer. With such commonly occurring elements as O, H. C and S, 
contamination during sample preparation and analysis is a particular problem (Uld 
great care must he taken to ensure clean sample handling. Increasingly, however, 
the ion probe and laser microprobe art being used in stahlc isotope analysis and a 
number of recent studies have illustrated how a much finer spatial resolution of 
isotopic compositions is possible using these techniques 


7.1.1 Notation 


Stable isotope ratios arc measured relative to a standard and are expressed in parts 
per thousand, i.c. parts per mil C’/'®), The isotope ratio is expressed as a 8 value, or 
‘del value’ as it is sometimes called. Using oxygen isotopes as an example, the 6 
value is calculated as follows; 


6'V- = 


|ti O/ l6 0 (sample) - ls O/ lfc O (standard) 
’*0/ ,< 10 (standard) 


X 1000 


f7J] 
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'Thus a S' s () value uf |(M) means that the sample is enriched in l8 0 relative to the 
standard by II) parts in a thousand and a value of -10.0 means that the sample is 
depleted in l \) rrlalivc to (he standard by 10 parts in a thousand. 


7.1,2 Isotope fractionation 

The chief purpose of studying stable isotope* is as a means of investigating the 
processes which in nature separate isotopes on the basis of their mass rather than on 
the basis of their chemistrv This is known as isotopic fractionation and takes place 
in nature in three different ways: 

(1) Isotopic exchange reactions. Isotope fractionation may take place tn a 
conventional exchange reaction in which, for example, oxygen is exchanged 
between quart/ and magnetite 

2Si‘*0 2 + Fcj ls 0 4 = 2Si + Fcj '*0 4 

The isotopic fractionation is controlled by bond-strength and follows the 
general rule that the lighter isotope forms a weaker burn! than the heavier 
isotope. 

(2) Kinetic processes. Kinetically controlled stable isotope fractionation reflects 
the readiness of a particular isotope to reacL Kinetic effects arc only observed 
when a reaction docs not go to completion. 

(..1) Physico-chemical processes such as evaporation and condensation, melting anti, 
crystallization and diffusion. 

The fractionation of an isotope between two substances A and H can be defined 
by the fractionation factor oc 

«a-b = wiojii-A 

ratio in B ‘ " 

For example, in the reaction in which |h Q and ,ft O arc exchanged between 
magnetite and quartz, the fractionation of 18 O/ l *0 between quartz and magnetite is 
expressed as 


( ,a O/ le XJ) in quartz 
= ( i*o/'Y)) in magnetite 

where ,ls O/'Y) in. quart/ 1 and * ,s 0/ ,6 0 in magnetite 1 are the measured isotopic 
rati<»s in coexisting quart/, and magnetite. If the isotopes are randomly distributed 
over all ihe |>ussiblc atomic positions in the i itiiipiiiiiul-. ntrasured, then ot is related 
to an equilibrium constant K such that 

a = K Wm I7.3| 

where n is the number of atoms exchanged Normally, exchange reactions are 
written so that only one atom is exchanged, in which case u - A, and the 
equilibrium constant is equivalent to the fractionation factor 
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Values fur ot arc very dose to unit)' and topically vary in the third decimal place. 
Most values therefore are of the form l.OOX. For example, the fractionation factor 
for "*0 between quartz and magnetite at 500 e C is I 009 (Javoy. 1977). This may be 
i'i] ■ rssed as the third decimal place value — the per mil value such that the 
quartz-magnetite fractionation r ' lor 9.0 per mil). A useful mathematical 

approximation for the fractionation factor a stems from the relationship 

lOOOlnO OOX) - X [7 4} 

In the ease cited above where o - 1.009, lOOOIn a = 9.0. This relationship has the 
added value that experimental studies have shown that lOOOIn a is a smooth and 
often linear function of l/7* z for mineral-mineral and mineral-fluid pairs. This 
gives rise to the general relationship for the fractionation factor: 

10(10In = /((!( T/r 2 ) + » (7.5J 

where T is in kclvin and .1 and 8 arc constants, normally determined by 
experiment. In the case of die quartz magin tm- pair, the values for m.l H are 
f.,29 and zero respectively (Chiba et at,, 19S9), giving the expression 

lOOOIn = 6.29 x lUV/* 

v further useful approxim iti >«■ is the relationship between 1000 In a and 
measured Isotope ratios expressed as 8 values. The difference between the 8 values 
for two minerals is expressed as A and this approximates to 1000 In a, when the 5 
values arc less than 10. In the case of oxygen isotopic exchange between quartz and 
magnetite, 

~ b mgt ~~ •<*•<> In «h* I7.6J 

When 8 values arc larger than 10 the expression given as Eqn 17.11J in Boot 7.1 
should be used. 


7.1.3 Physical and chemical controls on stable isotope fractionation 

Understanding the physical and chemical controls on stable isotope fractionation is 
vital to a correct interpretation of measured stable isotope ratios, fur when the 
fractionation processes arc fully understood, then the measured 8-values can be 
used to identify correctly the source of the element in. question and the geological 
processes involved. In this section we examine briefly the chief controls on stable 
isotope fraction at ton, 

There is an important temperature control on isotopic fractionation. This hits 
already been described in Eqn |7.5] and has an obvious application in isotopic 
thermometry (see Sections 7.2.2., 7,4.6 and 7.5.2). 

Relative volume changes in isotopic exchange reactions, on the other hand, arc 
very small except for hydrogen isotopes and therefore there is a minimal pressure 
effect Clayton (1981) showed that at pressures of less than 20 kb the effect of 
pressure on oxygen isotope fractionation is less than 0.1 %. and lies within the 
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measured analytical uncertainties. The absence of .1 significant pressure effect on 
stable isotope fractionation means that isoropic exchange reaction % can be 
investigated at high pressures where reaction rates arc fast, and the results 
extrapolated to lower pressures. 

Some isotope fractional ions, notably those in biological systems, arc primarily 
controlled by kinetic effects. For example, the bacterial reduction of seawater 
sulphate to sulphide proceeds 2.2% faster for the light isotope than lor *S. 
For the reactions 

,4 SOj > li^S (7.7J 

J2 SO; —> Hj U S [78] 

the rare constant is greater than the rate constant Jt, and the ratio i-, /k, — 1.022. 
'Hie efleets of this fractionation in a closed system may be modelled using the 
Rayleigh fractionation equation (Section 4.2.2). 

Win 11 isotopic fractionation takes place as a result of diffusion the light isotope 
is enriched relative to the heavy one in the direction of transport. Diffusion- 
cxinirolted isotopic fractionation can be important when into preting the results of 
oxygen isotopes as thermometers (Section 7.2,2). \ related process to that of 
diffusion is the microfiltration effect in which isoropes ire fracrionatcd by 
adsorption onto clay minerals in sediments. It is thought that isntopically lighter 
hydrogen, oxygen and sulphur may be preferentially adsorbed onto cbv leading to 
isotopic enrichments in formation waters (Ohmoto and Rye, 1979). 

! Ill' <lis i'! iii'in . hr isotopic ‘ . . t. rents ' .......I in lh:_ 

vapour phase act. 1 .lin : in the Rayleigh fractionation Law (Section 4.2.2), l Jus 
process applies to the evaporation and condensation of meteoric water and accounts 
for the marked fractionation of 6 ,8| 0 and Of) in rainwater and in ice. 

Generally major element chemistry has 1 very small effect on stable isotope 
fractionation However, I ’ay lor and F.pstcin (1%2) observed, that the oxvgcn isotope 
fractionation in silicate mim .1- can I-l .vu united for in terms of the average 
bonding arrangement of the mineral srructurc, and heavy isotopes associated with 
elements with a high ionic potential lliis is seen in the fractionation of ls () 
between quart/, and magnetite, for quart/ containing the small, highly charged Si 4 * - 
is enriched mineral in 1 ), whereas magnetite with the Urge Pc 1 * ion is w O- 
deficient. In the case of feldspars, the oxygen isotope composition plagioda.se is a 
function of An content. 

Heavy isotopes are concentrated in more dosely packed cry stal structures. The 
fractionation of carbon isotopes between diamond and graphite a well known and 
there are smaller changes between ralcite and aragonite. There is a also , 1 . small 
change in |s O between a- and ^quanz. 

Recently it was discovered that there is a crystallographic control on the 
fractionation of oxygen and carbon isotopes in calcitc. Dickson (I9yi) found that, in 
a single crystal of calcitc; crystal faces from different crystallographic forms have 
different isotopic compositions. This observation indicates that different surfaces in 
the same crystal have slightly different bonding characteristics which arc sufficient 
:t fractionate the isotopes of oxygen and carbon. 
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There arc three stable isotopes of otjjcn which Imr (he following abundances: 

■*0 = 99.763 % 

,7 0 = 0,0375% 

,b O — 0.1995% 

‘I“he isotope ratio ,s O/ lfc O is the ratio which is normally determined in oxygen 
isotope studies and 8 values are calcuT ited from Eqrt [7 11 There are currently two 
isotopic standards in use for oxygen isotope measurements. I ow-temperarure 
gcolhcrmomclry measurements (Section 7,2.2) arc made relative to PDB (a 
bclcmniie from the Cretaceous Peedee formation of South Carolina, a standard 
otherwise used for carbon isotope measurements) whilst all other measurements arc 
calculated relative to concentrations in Standard Mean Ocean Water (SMOW), 
SMOW was originally a hypothetical water sample with oxygen and hydrogen 
isotope ratios simitar to those of standard ocean water. Currently a water standard 
distibuted by the Atomic Energy Agency in Vienna, known as Yienna-SMOW or 
V SMOW is used This has an l8 OZ “D ralio identical to SMOW and a D/H ratio 
which is within error of the original definition of SMOW (Gonliantini, 1978) 
V-SMOW and PDB 5'V) values are related by the expressions 


8 1 *Ov_smow — 1-03091 8 lf Ofi)8 + 30.01 

(7.9| 

and 


S '*°I>UB ~ 0.97002 8 ,s O VS xkJW - 29.98 

[7.101 


(Copten et al ., 1983). In addition to SMOW the standard SI.AP (Standard Light 
Antarctic Prccipicanon) is sometimes used, This has a value of -5S.5%. 
relative id SMOW i.( n.im.mrim, 1978) 

Oxygen is liberated from silicates and oxides through lluorirutiom with Fj or 
BrFj ant! then reduced to COj at high temperature for measurement tn a nuss 
spectrometer. Iri carbonates carbon dioxide is liberated with >103% phosphoric 
acid. When oxygen isotope ratios arc determined in water the simple is equilibrated 
with a small amount of COy and the oxygen isotope ratio in the (XL is measured. 
From the known watcr-CC^ fractionation factor, the ,v O/ ratio in the water is 
calculated. The precision of 8 fs O values, is of the order of 0,1-0 2*/*. 

In this section we consider first the distribution of oxygen isotopes in nature and 
then the use oroxygen isotopes in thermomerry'. This is followed by a discussion of 
correlation diagrams which combine both OKyfttl isotopes and radiogenic isotopes 
and (lie way in which such correlations may be used to infer geological processes. 

7.2.1 Varislions of 6 f Y) in nature 

8 *0 values vary in nature by about |00*/«, about half of this range occurring in 
meteoric waitT (Figure 7 1). Chondritic meteorites have a very restkted range of 
5 ts O values and the mantle has a 8 Ih O value of 5.7 £ 0.3*/* and this seems to have 
been constant through lime for the Earth and the Moon (Taylor. 1980). However. 
Kyser tt aL (1982) found chat the alkali basalts in Hawaii arc enriched in S ,s O by 
values tif 0.5 to 1.0V* over tholeiitev and suggested on the hasis of measured 
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Ftj>wr 7.1 Nalura! «mgcn isotope rcscrvnirv Data I'rtim. I ayl* r (197-lt, Onuma <t at (1972), Sheppard 
(1977), Graham and Harmon (1985) and Hoefs (1987). 

diffusion rates (Ciraham and Ilarmon, 198.1) that the two had distinct mantle sources. 
I'tius there is some evidence lor small isotopic heterogeneities tn the mantle. 

Most granites, metanmrphie rocks and sediments are enriched in ■8 ta ’0 relative to 
the mantle value, whereas seawater and meteoric waters arc depleted, thus forming 
complementary 5 ,a O reservoirs. 


7.2.2 Oxygen isotope thermometry 

One of the first applications of the study of oxygen isotopes to geological problems 
wax to geothermometry. Urey (1947) suggested that the enrichment of *^0 in 
calcium carbonate relative to seavottei was temperature dependent and could be 
used to determine the temperature of ancient ocean waters. The idea was quickly 
adopted and palaeotcmpcraiurcs calculated for the Upper Cretaceous seas of the 
northern hemisphere. Subsequently, a methodology wax developed for application 
to higher-temperature systems based upon the distribution of ln O between mineral- 
pairs An excellent review of the methods and applications of oxygen isotope 
thermometry is given by Clayton (1981). 

The expression summarizing the temperature dependence of oxygen isotopic 
exchange between a mineral-pair is given in Eqn |7.5|. Often the fi term is zero and 
the fractionation factor is simply a function of 1/7^. Empirical observations indicate 
that a graph of In a vs \/T~ is linear over a temperature range of several hundred 
degrees (Figure 7.2) and a plot of this type for a pair of anhydrous phases should 
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Figure 7.2 


Calibration of 
oxygen isolope 
thermometers 


r*c 



[Q*tT 3 

'uiiO |-i e* v-, WP/T 1 calibrations of mineral-ealcitc pain using the data of Chiba d at. (1989). 

also pass through (Ik- .uigm Isotopic fractionations decrease with increasing 
temperature and so oxygen isotope thermometers might he expected to be less 
sensitise at high temperatures. Experimental studies, however, arc most precise at 
high temperatures (see for example Clayton el a!., 1989), and reliable thermometers 
have been calibrated for use with igneous and meiamorphic rocks. Oxygen isotope 
thermometry has a number of advantages over conventional carion exchange 
thermometry; for example oxygen isotopic exchange can be measured between 
many mineral-pairs in a single rock In addition, minerals with low oxygen 
diltusi vibes such as garnet and pyroxene arc capable of recording peak temperature 
conditions. 


'ITterc arc a large number of different calibrations of oxygen isotope exchange 
reactions (Tabic 7.1), some of which give conflicting results. This has given rise to 
much confusion over which calibrations can be used as a basis for reliable 
1 - monictry In brief, there arc three dillercnt approaches to the calibration i>r 

oxygen isotope exchange thermometers the Theoretical approach, experimental 
methods and empirical methods. 

Theoretical calculations of oxygen isotope fractionations are based upon studies 
of lattice dynamics. Recent results of this type have heen tound to agree with new 
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Taktf 7.1 Oxygen isotopic thermometer cahhtaiions 

Experimentally determined coefficients A for the fraciioiuiion (A oxygen isotopes between 
anhydrous mineral- pairs according to 1000 In a - f x 10^/ 1 : The data are arranged so that 
ill coefficient* arc positive, 

fa) tlxpcnminutty drUnnififd - rqutiibratitut mth talcilt (Chiba el aJ. f 19S9) 
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fc) EmptritnU)' dclcmrintd (Buttin^a and Jam?. t97S: Javoy^ 1977) 
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(d) /yjllltwiil/ fimttjons /or individual miner ah aiW far caltutaimjt vxygen liojvpic fruitumaluut 

fatwrcH wmcrwi-piim (Cfaytaiu 1991) {% = Kf r\ ,*■ T in kftvvi units/ 
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jidciitc:; Mr, magnetite; Ol. olivine; PI, pligvodasc (An^; Px„ pyroxene; Q* quartz; Wei, 
wollaston ire 
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experimental studies by Clayton a at. (1989) and used to extrapolate experimental 
results outside their temperature range (Clayton and ku 11 i r, 1991), 

Experimental studies based upon mineral-water isotopic exchange have been 
used to calibrate oxy gen isotope thermometers, although the more reliable exchange 
reaction with calcitc is now preferred (Table 7.1). 

CaJritc-mincral oxygen isotope exchange is stable to relatively high temperatures 
and the rcsulrs can be extrapolated outside the experimental range Mirteral-L.il cite 
{Mitt are combined to give mineral mineral oxygen isotope fractionation equations 
The best thermometers are between mineral calcitc pairs which show the greatest 
divergence on a In a vs 1/7 diagram (Figure 7.2) Thus the mineral-pair 
qturtz-diopsu.it > a sensitive thermometer, for there is significant fractionation "t 
oxygen isotopes between the two minerals, whereas a pair such as quartz albitc is 
not sufficiently sensitive. Quartz magnetite fractionation is nor widely used because 
the high dilTusivtty of oxygen in magnetite means that it cannot record peal 
temperatures. 

Empirical calibrations of oxygen-isotope thermometer! are based upon experi¬ 
mental data which is then applied to a natural assemblage (Mottinga and Javoy, 
1973, 1975; see Table 7.1). Given ih.n .ill the minerals in a rock are in isotopic 
equilibrium, thermometers can then be calibrated for mineral-pairs which have not 
been experimentally studied. However, the underlying assumption of isotopic 
equilibrium is rarely fulfilled, making the application of this method questionable 
(Clayton, 1981), 

Currently the most reliable calibration of oxy gen isotope thermometers is based 
upon a combination of experimental and theoretical studies. Clayton (19*71) 
combined calcitc mineral experimental data with theoretical studies and calculated 
polynomial expressions for a number of common rock forming minerals (Table 
7 1), These expressions may be combined to give mineral-pair thermometers. 

Tests of isotopic One of the merits of oxygen isotope thermometry is that there arc potentially a 

equilibrium targe number of the r mo m eters available in a single rock, a situation w hich rarely 

arises with cation-exchange thermometers- This allows the assumption of isotopic 
equilibrium in be tested. 

Javoy et al (1970) proposed the use of an isotherm plot to measure 

isotopic equilibrium. This diagram plots the 1 pauim-tvr nf the ?iv. ,n 

isotope thermometer equation (Eqn [7.5] and Table 7.1) and the term 
11IRK) In a (i| um-miflnii) — B\ us the axes of a bivariate plot. Appropriate isotherms 
for the system under investigation are calculated and the values for sets of mineral- 
pairs arc plotted, Minerals from an individual rock which arc in isotopic 
equilibrium should show a smooth trend parallel to the isotherms Isotherm 
diagrams til this type u: llw:d bv 1 luchnei ,. , l"8fi) to ilrmnn-u.it-.- tsottpic 
disequilibrium between mineral pairs la granulite facies metapelites (Figure 7,3), 

More recently it has been argued that in slowly cooled nicks isotopic equilibrium 
should nut be expected. Giletti (1986) showed that in a slowly cooled rock 
individual minerals cease to exchange oxygen as they pass through their own 
blocking temperatures and it is only the last mineral-pair to exchange oxygen that 
will be in equilibrium. Diffusion data summarized by Farver (1989) indicate that 
oxygen isotope «1 - 111 ,- m a cooling rock is in the ortlet diopside (first to close), 
hornblende, magnetite, quartz and anorthife (Figure 7 4), The blocking temperature 
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Felder lr Garnet Btocite 



Ftfurc 7.3 Iitoihemt diagram of Javoy ti ai, (1970) used tu a*scs& rhe degree of relative iw>rofWC 
equilibrium amongst minerals in rhe same sample. The diagram is based upon the oxygen 
isotope thermometer equation (Fa}n |7 5}) 

MWhtw*i-.u«ii a AlUf/T*) * H 

Variable A is plotted along the a‘*axis and flOWIn nu»lt “ along the 

Isotherms front 500 °C ro 800 “C are constructed from the thermometer equation The 
1000 Inn values arc plotted far the mineral pairs quart/ tllds|iar, quart a garnet and 
quaru-btotitc for samples lib and 16c from lluebner et al. (1986). They arc determined 
from the S l!f O values using Kqn |“ 6| 1 he plotted compositions shots that the Uotoptc 

composition of garnet is out nf equilibrium with hiotitc and feldspar Note that the fetdpars 
in the two samples lute slightly different compositions. 

approach of Giletti forms the basis of a computer model for estimating isotopic 
equilibrium by Jenkin ti at. (1991), The authors give the source code in 
FORTRAN-77, 

I liould be noted, however, that the difference in temperatures of equilibration 
is only one reason for isotopic disequilibrium and isotopic exchange with an 
externally derived fluid is an equally possible explanation. This may be assessed on 
a plot of 5-values for two coexisting minerals. Equilibrium is measured relative to a 
straight line with :t slope of 45 19 which represents a A ls O value for the mineral-pair 
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Figure I.. / Jsfluston coefficient vs \/T plot (Arrhenius plot) for the diffusion of oxygen in ftlccltd 

minerals The numbers in parentheses arc the activation energies in kcaJ/g-atont O (after 
Farver, 1989), 

and which is an isotherm. Any departure of trends from parallelism to the 45 ° line 
is imlic.itm* of isotopic disequilibrium (Figure 7,5; Gregory et til, 1989). 

Applications There arc both low-temperature and high-temperature applications of oxygen 
isotope thermometry , 

(a) hw'-temperature tkermiimetry The earliest application of oxygen isotopes to 
geological thermometry was in the determination of ocean palaeotcmpcraturcs. The 
method assumes isotopic equilibrium between the carbonate shells >if marine 
organisms and ocean water and uses the equation of Epstein et at. (1955) which is 
still applicable despite some proposed rev isions (Friedman and O’Neil. 1977) 

T°C = 16.5 - 4.3(8 C - SJ + 0.14(5 e - ^ (7.12] 

where 6 C and 8^ are respectively the 5 I( *0 of CO» obtained from CaCO, by reaction 
with H;PO^ at 25 °C and the 5'\) of CO> in equilibrium with the seawater at 
25 “C 

The method assumes that the oxygen isotopic composition of seawater was the 
same in the past as today, an assumption which has frequently been challenged and 
which does not hold for at least parts of the Pleistocene when glaciation removed 
ls O-depletcd water from the oceans. This has the effect of amplifying the 
temperature variations (Clayton, 1981), The method also assumes that the isotopic 
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cotn position of oxygen in the carbonate is primary and that the carbonate 
precipitation was an equilibrium process. Both these assumptions should also be 
carefully examined. Because the temperatures of ocean bottom water sary as a 
function of depth it is also possible to use oxygen isotope thermometry to estimate 
the depth at which certain benthic marine fauna lived — palaeobathymctry. 

law-temperature isotopic thermometry is also applicable to ascertaining the 
temperatures of diagencsis, and low grade incumorphivm, and estimating the 
temperatures of active geothermal systems, both in the continental crust and ori the 
ocean floor 

(b) Iltgh-ttmptnHurt ihcmutmctry Stable isotope systems arc frequently out uf 
equilibrium in rods which formed at Ugh temperatures as a result of cquilibrarmn 
with a lluid phase following cnstaJli7Jtion. This tact can be used to make inferences 
about the nature of rock-water interaction (see Section 7.3.4) but does not help 
establish solidus or peak-metamorphic temperatures in igneous and me tarn orphic 
rocks. In systems where there is minimal water present, such as an the Moon, 
oxygen isocope Thermometers yield mcaninpl'. 1 t tiq attires, Kyser a at. (1981) 
have obtained high-temperature results on terrestrial lavas and mantle nodules. In 
mctamorphic rocks, in which there has been minimal fluid interaction, the newly 
calibrated thermometers of Chiba et ai (1989) and Clay tun et at. (1989) hold 
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7.2.3 


Recognizing 
crux f and mantle 
reservoirs 


promise for mineral-pairs with jsIon*. diffusion rates such . 1 -. garnet-quartz and 
pyroxene-quartz (see Connolly and Muchknbachs, I9$8) \n example of a 
the r roome tri c calculation using oxygen isotope exchange between quart? and 
pyroxene in a metapelitc is given in IBox 7.1 


Example of an oxygen-isotope thermometer calculation 

Data 


Coexisting quartz-orthopyroxene pair from a granulita facias metapeke (from 
Huebricr er at. 1986, sample Bb25c>. 


- W-2 *A» 


S’^O. 


sarthopv mum 


- 7.9 V* 


Theory 

The temparatura dependence of the fractionation of '*0 between quartz and 
pyroxene is given by Chiba et at. (19891 and Jovoy (19771 as 

1000 In - 2.76 x ItfVT* 


Calculation 

In this case tha approximation given In Eqn |7_6] is inappropriate, since the S-vatua 
for quartz is > 10.0, and so we use 

Q * » ■ .190 °i ^ |7 ni 

1000 + ^ '• n| 

Thus; OquAfTO,fM - 1010.2/1007.9 - 1.00228 
lOOOIno • 2.279 

From the quartz-pyroxene ihormometer 
2.279 - 2 750 000/7* 

T m 1098 K - 825 4 C 


Oxygen isotope — radiogenic isotope correlation diagrams 

Correlations between radiogenic and oxygen isotopes arc of particular importance 
because variations in the two types of isotope come about through totally different 
mechanisms. This means that correlation diagrams of this tv pc conun information 
of quite a different type from either stable isotope correlation diagrams (Sections 
7.3.3, 7.4.2) or radiogenic isotope correlation diagrams (Section 6.3.5). 

Oxygen isotopes provide a very effective way of distinguishing between rucks which 
Ibrmcd in equilibrium with the mantle and those which formed from the 
continental crusl In general the continental crust is enriched in 8 ,s O relative to the 
Earth's mantle (Figure 7.1). This has come about largely as a consequence of the 
long interaction between the continental cruel and the hydrosphere and the 
partitioning of ”*0 into crustal minerals during low-temperature geological 
processes. Oxygen isotopes, therefore, arc a, valuable indicator of surface processes 
and a useful tracer of rocks which ar some time have had contact with the Earth** 
surface. 
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Approximate ranges of S'V) and ^Sr/^Sr in common i^nccut and sedimentary nicks 
(adapted from .Vlagariu: ct J.. l‘/78). 

Radiogenic isotopes, on live other hand, show differences between crust and 
mantle reservoirs which are a function of hmg-Uved differences in parent/daughter 
element ratios and indicate the isolation of the reservoirs from one another for lung 
periods of forth history This gives rise to crustal reservoirs which generally are 
enriched in " Si/ "Sr and in radiogenic lead isotopes but depleted in '* \d/ M4 Nd 
relative to the mantle. 

The Jiscussion below is restricted to the isotopes of strontium and oxygen 
although the principles enunciated can apply equally to other radiogenic 
isotope-oxygen isotope pairs. The range of comhincd oxygen and strontium 
isotopic compositions in common rock ty pes is shown in Figure 7.6. 


Crustal rocks arc enriched in l>uth strontium and oxygen isotopes, relative to the 
mantle (Figure 7,6); thus a bivariate Sr-O isotope correlation diagram is a powerful 
means of recognising crustal e< mr.iminatmn in mantle-derived rocks. Then: n.- «■ ■ 
contamination mechanisms — the contamination of the source region and 
contamination of j magma during its ascent through the continental crust. These 
two types of contamination may be distinguished from one another from the shape 
of the mixing cune on an Sr-O isotope plot (James, 1981). In the case when the 
contaminant in n source region is enriched in Sr relative to the mantle and forms a 
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Fijiuft 7.7 Hypothetical mixing diagram (Junes, 1981) Slimming the eflfem of source oonununanon 


iim! trutul contamination on Si and O isotope coocentraoow. m a mantle melt Tht mimte 
source (A) has ,7 Sr/ M Sr - 0.703 and $ l *0 = 6.0’/* the ctxttxnmant (U) has * : Sr/**Sr = 
0.710 tad 5'V) - 12 */«. The nlucs an the ewes show the relative proportions of (Sr in 
rr-mtle) (Sr in contaminant) In the cue of source contamination (diagonal ruling) the ratio 
(Sr in nunik):|Sr in conumiium) < 1.0 giving n< to a (uniex-down mixing curve in which 
a large change in ‘ Sr/ v 'Sr is produced by a vmall amount of contaminant W here there 
iv cruvut contamination (crow hatching) the (Sr in mclt):(Sr in crust) ratio may be >1.0 
and the mixing curve is convex-upward, s indicates the proportion of contaminant (B) to 
mantle (A). 

relatively small proportion of the whole, that contamination on an ^Sr/^Sr vs 
mixing diagram is characterized by the convex downward curvature of the 
mixing line (Figure 7.7). This arises because crustal materials arc not only enriched 
in Sr relative to the mantle but also their K7 .Sr/'"‘Sr ratio is greater than that of 
the mantle and thus dominates any mixture of the two. Oxygen concentrations, 
however, arc broadly similar in all rocks so that there k no missive increase in the 
oxygen isotope ratio of the derivative melt. The email incr e ase in 8 ls O is a simple 
linear function of the bull proportion of crustal to m.mlle materials This pattern 
is seen in the data of Magariu ti at, (1978) for the lavas of the Banda Arc 
(Figure 7,8). 

In the ease when the melt is enriched in Sr relative to the contaminant and the 
relative proportion of the contaminant is high, then compositions on an Sr-O 
isotope plot will define a mixing curve with a convex-up curvature (James, 1981). 
This could be the case for a mantle-derived melt pawing through the continental 
crust. In addition, crustal contamination requires significant changes in major and 
trace element chemistry and these are expected to correlate with the oxygen and 
radiogenic isotope ratios. 

However, crustal contamination is rarely a simple mixing process and frequently 
it involves three components — a melt, a precipitating cumulate phase and a 
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Figure 7.8 Plot of S'*0 vs "’ Sr/^’Sr for whole-rock samples nl lavas linom the Honda Arc, Indonesia. 

The range ol pusMbk mantle tumpovirions is also shown. The data define a earn cave up curve 
(in part controlled by milv two data points) which is suggestive niMi n . e irurrination (cl, 
Figure 7.7). Data from Magaritz el it/. (1978). 

contaminant {Taylor, 1980; James, 1981), This is the familiar AFC process first 
proposed hy Rowen (1928). AFC processes can be recognized on a radiogenic 
isotope-oxygen isotope correlation diagram (Figure 7.9) by a sigmoidal mixing 
curve which does not extrapolate tuck to flic position uf either the source or the 
contaminant Details of the modelling art given by Taylor (1980) and an example of 
the sigmoidal distribution is given by Mauehc tt ai (1989). 


Recognizing 
simple crystal 
fisttHtnaiwn in 
igneous rods 


An igneous system which has not suffered crustal contamination will exhibit the 
radiogenic isotope characteristics of the source, for radiogenic isotope ratios are not 
altered by crystal liquid equilibria such as crystal fractionation. Oxygen isotopes, 
on the other hand, do show small changes in isotope ratio with crystal fractionation, 
although extreme fractionation is required to produce small changes in 5 ,h O. This 
has been documented bv Chivas et til. (1982) in a scudy of 4 highly fractionated 
oceanic-arc plutonic suite. In these rocks oxygen isoiupc ratios range from &'*0 = 
5.4 ’/» in gabbros to 5 lh O - 7,2'/« in an aplite dyke. The increase in S"*0 
correlates with an increase in SiO? content — a measure of the degree of 
differentiation. ^Sr/ Sl ^Sr ratios, on the other hand, do nnt correlate with SiOj or 
with 6'*0 values and remain constant within the limits of error of their 
determination (Figure 7.Ill) 
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Ftpttt 7.') Piet of ^'Sr/^Sr ratio vs fi'T) showing the irap-L-iorit’', that tumid l>c followed during 
assimilation uul fractional cTwialli/ation in a magma chamber. The itiiti I •. om posit ion uf the 
melt is * ; Sr/ w Sr - 0,703, 6 ,B 0 * 5,7, The two sets uf <. i , :i , • dilrtrem ratios 

of Sr in the melt to Sr in the assimilated country rock. The solid lines represent a 
melreuuiun rock ratio ill 10:1 and the dashed lines a ratio of 5:1. 'Hie ratio of cumulates to 
assimilated country rock is 5:L. Higher values produce curves with lower R ls O values- j) is 
the ratio of Sr in the cumulates to Sr in the melt, i.e, the bulk partition coefficient of the 
cumulates. The end points arc placed at W'o fractional cry utilization. (Adapted from 
Taylor, 19MH) 

7.3 Fingerprinting hydrothermal solutions using oxygen and hydrogen 
isotopes — water-rock interaction 


The study of oxygen isotopes in conjunction with the isotopic study of hydrogen has 
proved to be a very powerful tool in investigating geological processes involving water. 
When plotted on a bivariate 8D vs 8 ls O graph, waters from different geological 
environments are found to have very different isotopic signatures (Figure 7.11). 

Hydrogen is a minor component of most nicks and so, excepting when the fluid/ 
rock ratio is very low, the hydrogen isotope composition of rocks and minerals is very 
sensitive to the hydrogen isotope composition of interacting fluids. Oxygen, on the 
other hand, comprises 50 % by weight (and in some cases more than 90 % by volume) 
of common rocks and minerals and so is less sensitive to the oxygen isotope ratio of 
interacting fluids, except at very high fluid/rock ratios (see f igure 7 12). 
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Figure 7.10 {a) Plot showing a positive cunvlation between 0 H O and SiO* for a fractional crystal! ization- 

ielated calc-alkaline gabbro dnintc tonalile-lrondh|emiTe suite from an oceanic arc plutonic 
complex in the Solomon Islands, (h) Tlie vame suite of rocks shows no correlation between 
s7 Sr/ Vl Sr and SiO,. (Data from Chivii el al ., 1982.) 


7,3.1 Hydrogen isotopes 

There arc two naturally occurring stable isotopes of hydrogen which occur in the 
following proportions: 

'H = <>9.9844% 

i> = 0.0156 % (deuterium) 

Ihdmgcn isotopes show the largest rdative mass difference between two stable 
isotopes, with the result that there are huge satiations in measured hydrogen 
isotope rati,is In naturally occurring materials. In addition, hydrogen isotopes arc 
ubiquitous in nature in the forms HyO, Oil and H? and as hydrocarbons. 

I Ivdropen isotopes are measured in parts per thousand relative to the SMOW 
standard and arc calculated in an analogous manner to that fur oxygen isotopes (see 
Eqn 17.1 j) and expressed as SD*/«. Precision is between I and 2"/». 6D values 
for the SLAP standard relative to SMOW arc -428 "/». D/H ratios are usually 
measured on H, gas which is produced from the reduction of water at high 
temperatures. 

A summary ul 0l > \attics for common rock types and waters is given in Figure 
7.12. Mantle values are normally in the range —40 to -80 although Delouic et al. 
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Figure 7.11 Plot of 51) vs S m O diagram for different water types. The fields of magmatic water ami 
formation waters arc taken from Taylor (1974) 'five field for igneous hornblendes and 
biotites frum Taylor (1974) and that of majanatic water from the granites of Catrnsvall from 
Sheppard (1977), The meteoric water line is from Kpstein ft ai (1%5) and Fpstdn (1970) 
The mctamorphic water field combines the values of Taylor (1974) and Sheppard (1981). 


6D{V) 


-200 -ISO -160 -140 -120 -IOC -80 -60 -4 

0 -20 0 +20 

i i \ -r \ i 

I 

[-1 1 1 

Carbonaceous chondrites 

. . 1 

r ; 

MORfi C 

Granitoids 

Metamorphre rocks 

Detnul sediments 

Seawater 

3 

=□ 

-! 

! 

8 

Meteoric water Q 

1 

~~l 

Magmatic water 

Mctamorpbk water 

W* 1 

W~3 

Mantle 

*— range — *J 

r j 


Figure 7.12 Natural hvdrogen isotope rnemirt Oita from Tavlor (1974), Graham and Harmon (1981), 
Kyscr and O’Neil (1984), Dcloulc ft A. (1991) and Iloeft (1987) 
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(1991) reported values ok low as -125 */«, The MORI) reservoir is thought to have 
6!> = -NO ± S*/m (Kyser and 0 T N«fl, 1984) 


7.3.2 Calculating the isotopic composition of water from mineral 
compositions 

The isotopic composition of waters from different geological settings i in hc 
measured directly as ‘fossil' water preserved in fluid inclusions (Ohmoto and Rye, 
1974, Richardson a* uf,, 1988) Most commonly, however, 'fossil' water is suppled 
indirectly and its isotopic composition determined from the isotopic composition of 
minerals which were tn equilibrium with it- 

If it can be assumed that there was a close approach to isotopic equilibrium 
between a given mineral and a hydrothermal solution, then laboratory calibrations 
of cqulihria between rock-forming minerals and water can be used to calculate the 
isotopic composition of the hydrothermal solution, Iliere are experimental 
calibrations for both oxygen and hydrogen isotopes (Tables 7.2 and 7,3) atiosving 
the isotopic composition of water to he fully specified. The calculation requires a 
knowledge of the temperature of equilibration, which may have to be estimated or 
measured independently by a technique such as fluid inclusion thermometry. An 
excellent example of this approach is given by Ilall tt ai (1974 Table 4) in a 
study of the origin of the water in the formation of the Climax molybdenum 
deposit, Colorado, In this study the temperature of the hydrothermal fluid was 
known from fluid inclusion thermometry and the 8 1s O and 8D composition of the 
water was ;mI.:uI ihv In-ir the isotopic com poeitiMI >.r muscovite ttd sen cite using 
the experimental calibrations for muscovite-water. An example of the calculation is 
given in Box 7.2. 


7,3.3 The isotopic composition of natural waters 

The isotopic composition of natural waters may be obtained either by direct 
measurement or by calculation using the method outlined above. Taylor (1974) 
describes six types of naturally occurring water, the compositions of which are 
summarized on a SD vs 8**0 diagram (Figure 7 11). The isotopic character of the 
different types of water described here can be used to trace the origin of 
hydrothermal solutions. 

(a) Meteoric mater This shows the greatest variation of all natural waters. 
Si) 8 ls O variations define a linear relationship, the meteoric water line, which may¬ 
be represented by the expression: 

SD ♦/« = 86 ,s 0 + 10 (7.13} 

(Taylor, 1979). The 5 ls O and SD values for meteoric water vary according to 
latitude. Values are close r i zero for meteoric waters on tropical oceanic islands 
whereas at high latitudes in continental areas 5**0 values arc as low as -20 to -25 
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Calculation of the isotopic composition of water in equilibrium with muscovite 
from the Climax molybdenum deposit, Colorado 

Data 

® *®imi»cuvtUi *7.4 % 

^•iM»£'Ovn« m — ®1 ,f ® 

Temperature ■ 500 “C (from fluid inclusion thermometry) 
iData from Hall or at., 1974 — Table 4, samplo CL31-70! 

Calculation of oxygen isotope cornposrf/ort Ot the water 
The equation for muscovite- wotei (O'Neil and Taylor, 19671 is: 

lOOOInu - -3.89 + 2.38(l0*y7 9 l 
At 500 a C. 

1000 Inti • 0.0931 
Since Amixa p y,!, wm r = 1000 Inu 
5^0^ - 0.0931 
47.4 - • 0-0931 

S’*0,«,. t ■T-3%* 

Calculation of hydrogen Isotope composition of the water 
The equation for muscovite-water (Suzuolti and Epstein, 19761 is: 

1000Inn - 19,1 - 22.1(10 6 /7*l 
At 500 9 C 
1000 Inu 17,89 

Since -Wo**,™, - 1000 In a, 

^imiwnfei ~ “ ~17,B8 

91 - -17-89 

aw - -73.1^ 


and. 8D values range between -150 to -250. Both the extreme variation and the 
linear relationship arise from the condensation of H>G from the Earth’s 
atmosphere. The extreme variation reflects the progressive lowering of 1s O in an air 
mass as :a leave*- tlu i ,v.n ,unl r:nm> over .. cuntinc it The inearitv i t ili<- 
relationship indicates that fractionation is an equilibrium process and that the 
fractionation of D/H is proportional t>< ! 1 ’ t: 

(b) Ocean water Present-day ocean water is very uniform in composition with 
values of 8 ,H C) — (I s and 5D - 0 V«, The only exception to this is from areas 
where there have been high rates of evaporation, e.g. the Red Sea, where there are 
elevated values of 5 ,s O and SD, or from areas where seawater is dituicd with fresh 
water. Muehlenbachs and Clayton (1976) suggested that the oxygen isotopic 
composition of ocean water is buffered by exchange with the ocean crust, a view 
which is strongly supported by the study of Gregory and Taylor (1981) on the 
distribution of oxygen isotopes in rhe Senuil ophiolitc, Oman (Figure 7,16), 
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7'ifA/r 7.2 Constants fur the fractionation of oxygen vsolnrv, between minerals and water according to 
the equation 1000 In = 1 + A(Hr/'F 2 ) 


Mineral 

Experimental 
range fC) 

A 

B 

Reference 

Bars fc 

100-350 

-6.79 

3.00 

Friedman and (yNeil (1977) 

Cakitc 

0-700 

-3.39 

2.78 

O’Neil el «L (1969) 

Dolomite 

252-295 

-3.24 

3 06 

MuitlievrS ami Katz (1977) 

Q»ur i r 

200-500 

-3.40 

3.38 

Qayiun et at, (1972) 

>00 750 

-1.96 

251 

Clavton et at. (1972) 


250-500 

-3.31 

334 

Mttsutvisa ft 4 it r!979) 


>00-81X1 

-1.14 

2.05 

Vl.i'Mihisa ei *ii (1979) 

Alkali feldspar 

350-800 

-3.41 

2.91 

O'Neil and Taylor (1967) 

500-800 

-3.70 

3.13 

Boifmg,t and Javo> {1973} 

Albiie 

400-500 

-2.51 

2.39 

MatHiihisa et ai. [1979) 


500-800 

-1.16 

1.59 

MatKiihisii et at (1979) 

Aftnrthitc 

350-800 

-3.82 

2.15 

O’Ndl md Tutor (1967) 


400 500 

-2.81 

1.49 

Mitsuhtsa et at. (1979) 


500-800 

-2.01 

1.04 

Matsuhisa et at. (1979) 

PlapiocUsc 

350-800 

(-3.4l-0.14An) 

(2.91-0.76An) 

O’Neil and Taylor (1967) 

Feldspar 

500 KOI) 

-3.70 

<3 13-1 WAn) 

(fcutinga and javuy (1973) 

Musuhitc 

(where An is mole 
400-050 

fraction of anurthile) 

-3.89 2.38 

O’Neil and Taylor (1967) 


5 UCMKJ 0 

-3.10 

1.90 

liottinga and lavov (1973) 

Route! 

575-775 

1.46 

4.10 

Addy and Garlick (1*74) 

Magnetite 

500-800 

-3.70 

-1.47 

Batiinga and javoy (1971) 

kaoliniK 

Uncertain 

-2.87 

2.5 

l and and Dutton (1978) 

Chlorite 

615-175 

l*‘°r |Mg 3i Fe,,. s (OHXJIAl. jFc, , 
-11.97 + 2,67a + 2 93a - 2 - 0 415a 

JAl.SiAoIOHJ 

1 + 0 037a - 4 

Savin and l/cv (1988) 


Inhere * = lOVT] 


TtiMt /..? Constants for the fractionation of hydrogen tsotoncs between minerals and water according 
to the equation 1000 In ^ WrT = -f + fl|l(T/7 ,, | 


Mineral 

Experimental 
temperature 
range (°C) 

A R 

Reference 

Muscovite 

450-800 

19.1 -22.1 

Su/uoki jrid KpsCrm (1976) 

Biotitc 

450-800 

- 2.8 -213 

Su/uoki and Kpsirin (1976) 

Hornblende 

450-800 

79 -23.9 

Su/uoki and Epstein (1976) 


350 850* 

-23.1 ± 2.5 

Graham tt it! {1984) 


850-950* 

1.1 -31.0 

Graham ex eti (1984) 

Trcmoltte 

350 650 

-21,7 

Graham et at. (1984) 


650 950 

14.9 -31.0 

Graham ei ai (I9#4) 

Act incite 

400 

-29.0 

Graham et ai. (IW) 

Arfvedsaiutc 

Uncertain 

-52.0 

Graham et ai (IW4) 

Kaolinitc/DicLite 

100-250 

0.972-0.985 

Marumo ex ai (1980) 

Seriate 

100-250 

0.973-0.977 

Maruitw (X ai (1980) 

Chlorite 

100-250 

0.954-0.987 

Mamma ex ai (1980) 

Zatsitc 

280-650 

-27.73 -15.7 

Graham ai, (1980) 

Epidotc 

<300 

-138.8 29.2 

Graham et ai (1980) 

300-650 

35.9 i 2.5 

Graham et ai (1980) 

Suzuokt and Kpsictn (1976) 

All miner*!* 

1000 Inou^..^ - 28.2 - 22 4(10VT‘) + 

where X M etc , is the mole traction oi At in biolife, 
muscovite oe hornblende, 


* Ferroan porgasitic hornblende'. 
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j . v 7.1 j The change in the $ 18 0 composition of the nccaaf throughout the Tertiary, The record ts 
il iijxjm the composition of benthic foraminilera (after Miller and Fairbanks, 19$5>. 

I .css certain is the isotopic composition of seawater in the past. There i» 
evidence from the oxygen isotope composition of marine carbonates that there were 
global changes in the isotopic chemistry of the oceans during the Tertiary (Figure 
7 13). These changes arc thought to have been brought about by the storage of 
isotnpicjIK light oxygen in ICC m the polar regions and are known in {IlffidMt 
detail to allow the composition curve to be used as a stratigraphic tool. Similar 
changes are reported in the Ordovician from the oxygen isotope chemistry ol 
unaltered parts of bnchiopod shells (Marshall ami Middleton. 1990), although one 
of the uncertainties in models of this kind, particularly prior to the Plio-Pleistoccnc, 
is the extent to which diagenetic change has influenced the calculated compositions 
of former ocean waters (Williams it aL, 1988). 

(() Giothtrmul water Modem, geothermal water is meteoric in origin hut isotopic 
compositions are transposed to higher 8 ls O values through isotopic exchange with 
the country rocks. 5D values are the same as in the parent meteoric water or 
slightly enriched. Similarly, ocean-floor geothermal systems have 8 ,h O values of 
between +0.37 and +2.37, close to the value for unmodified seawater (Campbell et 
ai, 1988). 

id) Formation water Formation waters from sedimentary basins show a wide range 
in 5 ,A 0 and 8D values (Figure 7.11). Individual basins have water compositions 
which define a linear trend representing mixing cither between meteoric water and 
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water from another source such as trapped seawater, or between meteoric water and 
the country rock. 

(e) Meiamorphtc water Several attempts have been made to calculate the 8D and 

5^0 values of water in equilibrium with rnetamorphic minerals over a range of 
melanin rp hie grades (Taylor. 1974; Rye t( at, 1976; Sheppard, ! £ >Nll. \ 

combination of these values gives a rnetamorphic water ‘box’ with 8 ,H 0 values 
between +3 and +25 '/«. and with 81) values between -20 and -65 , /». (Figure 
7.11). 

(f) Magmatic water Calcutatiiu fh. composition of magmatic water is difficult 
because many magmas interact with groundwater, However, primary magmatic 
waters calculated by Taylor (1974) define a region on 8D v> 8 ls O diagrams between 
81) values ot -40 and -80 and 8 jS 0 values of +5.5 ami +9,0. Sheppard (1977), 
however, showed that the magmatic waters associated with the Permian granites of 

ulIi west England, produced by minerustal melting, plot in a different field 
between SD values of -40 to -65, and 8**0 values of +9.5 to +13 (Figure 7.11). 


7.3.4 Quantifying water/rack ratios 

Water-rock interaction can vary between two extremes. When the watvr/roci ratio 
is small and the 5**0 in the rock dominates the system it is the fluid composition 
which is changed, as happens in geothermal systems. On the other hand, when the 
water/rock ratio is large and the 5 ,s O of the water dominates, the 8 I% 0 value of the 
rock is modified. Taylor 11974, 1977) derived mass balance equations from which 
the water/rock ratio may be calculated from 8 |s O values. For a closed system, from 
which none of the water is lost, the waicr/rock (W/R) ratio, integrated over the 
lifetime of the hydrothermal system, is: 

. S'*ca - 5'VCf (7.14! 

■ w s |t ogs i - $'«oa 

This is the effective water/rnck ratio, which can differ from the actual watcr/rock 
ratio depending upon the efficiency of the exchange reaction. The initial value for 
the rock is obtained from ‘normal’ values for the particular rock type (see Box 
7,3), or from .in unaltered sample of the rock suite being analysed, l’hc final value 
lor the rock is the measured value. The initial value for the fluid is assumed (for 
example, modem seawater) or in the case of meteoric water calculated from the D/ 
II ratio of rhe alteration assemblage and the meteoric water equation. The 
composition of the final fluid can be calculated from the mineralogy of the altered 
rock. 'This i> sometimes done by using the approximation that 8 *0 for the rock 
equals S ,s O for plagiocla.se feldspar (An w ), for feldspar is generally an abundant 
mineral in most rocks and it exhibits the greatest rate of exchange of ,s O with an 
external fluid phase. Provided that the temperature can be independently estimated, 
then the feldspar water fractionation equation can lie used to calculate the water 
composition (see Box 7.3). 

The equation for an open system through which the water makes only a single 
pass is given, Taylor (1977) by: 


W/R^ = ln(W/R dflK0 + I) 


[7.151 



2*0 


lH*ng MM iwiopi dM 



Ikhu 7 14 !*k»t valurv in a hi tlrreihn nut red doikitd I nan ihr open vvxtt ti water/ruck u|j»> 

r«|iMi»nn (Kqn |" IS|) anti ihc duuxl-MVicin waicf/roct who cquiimn ll'^n |7.HSl (Tailor, 
|V74) TIk iiwdrl »«wno an iniiial i (l O value of *6 5 in ihc >w4 ami an mmi! 6’*0 v«lar 
of -14 in ihc «*r. cimt* art thonn for 350 X and 600 *C 

li iv lilely that ihc hchaviuut of anv pum h>Jr..thermal vvxicm wilt he 
«mc*hw between the i«o extremes An example of hov la|m [7.14] and |* If) 
mi|(hi be uved it phen in Box 7.3 and dcpnlcd in fipire 7.14. 


Sox 7 3 


Cakutafon of witurfoek ratio from tha aquation* of Tayfor (1*74. 1*77] 

0M* 

lavtti r»i roe* composition. S'*0 - 6 5 *#■ 
final rock composition- o'O » -4.016 
Initial livid composition: J'*0 « -14.0 tW 

CtfculAnori of ffflaf fluid compasutaa 

Thf aquation for plngroclase <An u .'-wJt«r exchange, from Table 7 7, it: 

IOOO In uu,„ - (-3.41 - O.UAnl ♦ 2.91 Q.7C AnKIO*/T 1 ! 

• -3.52 • 2.6821 lO*^] 

At 600 *C 

‘ Vr m urn* m ® 

Ausuming >'*0., P - fprt (final composition), 

- -4.0 -037 m -437 
I nv»‘ water compwti jn: 4**0 - -4j*7 • •* 


IVatorAoc* ratio calculation 

from lh# dosed lyMffl equation (Eqn 17.14: 

atcr - *“0^" 


WJU— • 


*"0 - 4«Oi- 
4-W 


14 ( -4 971 


- 1.16 


from th« vngte pau open system aquit«i Ifqn fJ.lSk 
W/R^ • l<HWR t ^ * 1| - 0.77 
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Figure 7Ji &D vs 8 tK 0 diagram showing the isotopic change in I) in biotitc and '*0 in feldspar in a 
granodiurtic undergoing isotopic exchange with groundwater. The plotted curse shows the 
range of SD and S™f> values with changing watcr/rock ratios, The curve was calculated for 
an initial feldspar composition of$'*0 +8.0 to +9.0, biotitc 8D -65.0 and groundwater 5D 
-120, 5**0 -16 The fiacuorucion of D between Nome and water at -WKI 450 is given by 
A^mn , n TO , = - JO and 40; the fractionation of ’*0 between frldtpar and water at 

400-450 °C is given hv = 2.0. A small water/rock ratio has a dramatic effect on 

the isotopic composition of D in biotitc whereas higher water/ruck ratios affect both 80 in 
hiotite and in feldspar, The upper boundary of the curve shows the water/roci ratio as 
vieight units, the lower boundary as volume units. (Adapted from Taylor, 1977.) 


The effects of differing water/rock ratios on the isotopic composition of u 
gram wl inrite are shown on a SD vs 8 |H 0 plot in Figure 7.15, using the isotopic 
composition of hiotite to monitor change in SD and the isotopic composition of 
feldspar to moniror change in 8 ,x O (Taylor, 1977). At small watcr/rock ratio> (.ip 
to II I ruck volumes) oxygen isotopic compositions arc virtually unchanged whilst 
5D values are reduced by’ about ICW> */<■>. As the watcr/rock ratio increases, the 
8 lx O value decreases rapidly at almost constant 5D values. 


7.3.5 Examples of water-rock interaction 

I he studies of Taylor and coworkers into water-rock interaction have wide 
applicability in many fields of geochemistry. In general terms the sensitivity of 
oxygen isotopes to hydrothermal solutions means that they are an excellent tool for 
detecting hydrothermal alteration in otherwise fresh rocks (see for example 
Rautenschlcin tt rt/., 1985). More specifically, the origin of the water may be 
identified and its volume relative to the country rock quantified. Some examples arc 
briefly reviewed. 
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(a) interaction betaken igneous intrusions and groundwater In a number of 
pioneering studies Taylor and his coworkers showed thar high level igneous 
intrusions are frequently associated with hydtulhertml convective systems (see 
reviews by Ta\ lor, 1977, 1978) They found, that the country rocks surrounding 
such intrusions arc massively depleted in and IJ relative to ‘normal' values and 
that the minerals both in the intrusion and the country rock are isotopically out of 
equilibrium for magmatic values. They concluded that the isotopic effects were due 
to the interaction with meteoric water and proposed that the intrusion acted as a 
heat engine which initiated a hydrothermal convection cell in the groundwater of 
the enclosing country rocks. Water/rock ratios were found to vary from «l,0 to 
about 7.0. 

'nicse studies offer an important insight into attempts to establish the original 
isotopic composition of igneous rocks, for clearly iso topi tally disturbed nm must 
first U *rccncd n u :.. 'vinifotK. taulinn nteVs r<. In ciodM "i inteipiL-i ml' the 
results of isotopic thermometry in igneous piutons emplaced at a high level in the 
crust. Further, the fact that some igneous rocks have totally re-equilibrated with 
groundwater injects a word of caution into radiogenic isotope studies. 

(k) Inter art ion between wean-floor basalt and seawater A large number of studies 
have shown that the racks of the ocean-floor, now preserved as nphioliies. have 
undergone massive exchange with hydrothermal : solutions, which were most 
probably seawater. Slakes and O'Neil (1982}, for example, have calculated water/ 
.. in v. of fit) tor recent basalts at the East Pacific rise. It is proposed 

:ii it a hydrothermal convective system draws in cold seawater, which is he. .1 
adjacent to an active magma chamber. The heated seawater thus produced is 
thought In Ik the source of the hydrothermal volutions responsible for the 
formation of the massive sulphide deposits found in ophwlitcs This hypothesis has 
been confirmed by the comparatively recent and exciting discovery of very hit’h- 
temperature springs venting onto the ocean Iktor at mid-ocean ridges and giving 
rise tu sulphidc-rkh deposits (Section 7.5.4). 

Schiflman et at, (1987) showed that in the TrmxJns nphiolitc in Cyprus, altered 
basalts have reacted with fluids which have S l8 0 values of close to the seawater 
value of Q*/m at temperatures of between 310 and 375 "C. Trace dement 
conocntr.il im v v changed from the unaltered basalt values and fluid/roci ratios 
were calculated to be between 10 and 20. In a detailed study of the Scmail uphiolitc 
in Oman, Gregory and Taylor (1981) showed that upper layers were enriched in 
5 1V 0 whereas the lower eabbro layers were depicted in 6 l!t O relative to average 
ocean crust (FiguR 7.16). This cross-over of values is due to the temperature' 
dependent partitioning of oxygen isotopes between silicate minerals and water 
Gregory and Taylor (1981) also made the important observation that the net 
exchange of l!, Q between seawater and the ocean crust in the Scmail ophiotitc was 
zero This suggests that the S IH 0 composition of seawater is bufFered by the 
composition of the <x*can floor, a view confirmed by the recent measurements of 
Campbell el at. (1988). 

(c) Hater-rock interaction m metamorphic roe its Stable isotope studies are used to 
determine two different features of water-rock interaction in metamorphic rocks. 
On the one hand, oxwan iv-tope studies can determine the pattern of fluid 
movement, whereas the combined study of hydrogen and oxygen isotopes can be 
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lived to determine (he isotopic composition of the fluid nripiulh ill equilibrium 
with the mctamorphic rock. 

'J'he presence or absence of water is an important control on isotopic equilibrium 
in metamorphic rocks and facilitates the equilibration of stable isotopes both 
bclwcen mineral pairs and between rock types. For example, the presence or 
absence of a lluid phase explains the apparent discrepancy between studies which 
show that inicrbcdded sedimentary rocks at a range of metamorphic grades hast not 
attained isotopic equilibrium during metamorphism (see for example Hotrrcll et a/., 
I WO, Valley and O’Neil, 1984). whereat in other metamorphic terrains the rock 
type* show great uniformity in their oxygen isotopic eomposiiums suggestive of 
isotopic cquilibr. c< lumber lain and Rumble, 1988; Rumble and Spear, 19.s.i; 
Wickham and Taylor, 1985). Differences of this type can Ik further explained by 
considering the effects of differing watcr/rock ratios and patterns of lluid flow in 
the mctamorphic terrain. 

Water/rock ratios arc very variable in mctamorphic rocks and range between 
massive iiiltuscs of externally derived water {Wickham and Taylor, 1985) to very 
small values (watcr/rock ratios of between 0.1 and 0,0) in rocks at granolitc grade 
(Valley and O’Neil, 1984). As a generalization, the watcr/rock ralio might lie 
expected to be progressively reduced by dchydratiim reactions during progradc 
metamorphism. Fluid flow may be pervasive, in which the fluid moves 
independently of lithological or strocttnl control, or channelized, in which water 
leaves the rock through cracks and fissures ( Valley and O’Neil. 1984). Maps of fluid 
How postulated on the basis of oxygen isotope studies arc given bv (Chamberlain and 
Rumble (1985). Rumble and Spear (1985) and Wickham and Taylor (1985). 

Oxygen isotopes atone, however, cannot specify the exact nature of an oxygen- 
rich lluid, for H.O, r.O ; and a silicate melt arc all oxygen-rich reservoirs. It u 
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7 . 4,1 


Controls on the 
fractionation of 
cor fort no topes 


limestone. The <iriinnal material of rhe PDB standard is now exhausted and current 
standard materials arc a carbonatire (NBS-18) and a marine limestone (NBS-19). 
The ratio 1 C/ 1 ? C is measured in parts per thousand in a similar way to that of 
oxygen isotopes. 


8 n C'Sm = 


(sample) - **(1/ 12 C (standard) 

1s C/ ia C (standard) 


x 1000 [7.16] 


Carhon isotopes are measured as CQ, gas and precision is normally better than 
0,1 The CO, is liberated from carbonates with >103 "o phosphoric acid or by 
thermal decomposition. Organic compounds are normally oxidized at very high 
temperatures in a stream of oxygen nr with an oxidizing agent such as CuO. 


The distribution of carbon isotopes in nature 


Carbon occurs in nature in its oxidized form (CO,, carbonates and bicarbonates), as 
reduced carbon (methane and organic carbon) and as diamond and graphite. The 
range of carbon isotope compositions in natural substances is summarized in f igure 
, 1M ■ i nr. - lii wide range of carbon isotope compositions. For example, 
carbonaceous chondrites have bulk o' C. compositions in the range -25 to U 
(Kerridge, 1985). Mantle values, determined front the isotopic study of 
carhonatircs, kimberlites and diamonds, are in the narrow range S 1 TL — -3 to 
8 •/» and a mean value of ahour -6 ■'/.,■ is often used for the mantle. MORB has a 
mean value of 6 L1 C = -6.(i'/„ (Exlcy et a /., 198b). Seawater has by definition a 
8' C value of dose to 0 V. and marine carbonate has a narrow range of values 
between -1 and +2Vr. whilst marine bicarbonate values arc between -2 and 1 7,». 
Ancient seawater, however, has not had such a constant composition and excursions 
from the present-day value arc diiciiwed further below (Section 7.4.-I). 

Biologically derived (organic) carbon is isotopic.il tv light, i.e. depleted in 8’ 'C. 
The conversion of inorganic carbon through a CO, fixing mechanism into living, 
organic carbon entails the preferential concentration of the light '“C isotope in 
organic carbon. This process is chiefly controlled by reaction kinetics which favour 
the light Isotope The net effect of the fractionation is that relative to mantle- 
derived carbon (8 1 T — -6 /™>) there are two complementary reservoirs. Biological 
materials on the one hand are strongly depleted in 8* l C (-20 to —30 */«; the mean 
value ot the terrestrial biomass is -2ft £ 7V<* according to Schidtowski, 1987) 
whereas seawater and marine carbonates (S^C.— 0) .art enriched Methane is the 
most depleted of all carbon compounds and is commonly formed in nature either hv 
the anaerobic fermentation of organic matter or by the thermal degradation of 
petroleum or kerogen at temperatures greater than 100 C. Methane of biological 
origin has 8 l ’C values of about -8(1 V*., 

Tin* fractionation of carbon isotopes is controlled by both equilibrium and kinetic 
proctv 1 .|uitibrium fractionation processes are illustrated in Figure 7. IS, from 
which it can be seen that in many t .im-s the fractionation of 8 n C u> strongly 
temperature-dependent. However, it vhould lx noted that one common equilibrium 
process — that of dissolution and rcprccipilation — docs not substantially 
fractionate carbon isotopes, 
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imm KcmJjrc (1995). F.xlcv *i <1 (I9S6), Field and Fifurek. (1986), Hoofs (1987) and 
.Schidlowski (1987). 


Kinetic fractionation ts important in biological systems such .is the fixing of COj 
as organic carbon and the evolution of methane from anaerobic fermentation or 
organic matter during diugcno.iv lit these cues the fractionation is cootrolled by 
reaction rate and the greater readiness of the lighter isotope to react. Where the 
reaction involves both carbon and oxygen, the kinetic cl feet vs ill influence the 
isotopes of both elements in a similar way and a correlation between b |K () and 0 1 ’C 
is expected. 


7.4.2 Combined oxygen and carbon isotope studies of carbonates — 5 1& 0 vs 
6* 3 C plots 


A combined study of carbon and oxygen isotopes in carbonates is a powerful 
means of distinguishing between carbonates of different origins. Figure 7.19 shows 
the compositions of terrestrial and mctcoriiK carbonates plotted on a 5 ls O-6' 5 C 
diagram Compositions are plotted relative to the PDI) standard, although the 
SMOW standard is increasingly used for 6 h O measurements in carbonari * The 
conversion from PDB to SMOW is given in F.qnx [7.9J and [7.10] but for the sake 
of clarity it is worth restating that 

S f *0 in m&nne carbonate on the PDB scale is aero, and 

S l \) in searrliter on the SMOW scale is also zero, 
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Figun /.IS Fracitonatiun of carbon species relative to (X) 2 (redrawn from Ohmoto and Rye, 1979). 

. i'M. nr . 1 1 red In the equation of Epstein et a!, (1953), given as Eqn 17.12] and 
the two arc in equilibrium at approximately 16.9 °C. 

Umniont The 6’\>-5 u C diagram is particularly useful in understanding the processes 
itiegenem involved in the fomuttion ot‘ sedimentary carbonates and especially the process of 
limestone diagencsis. A study of tile carbon isotopes allows the origin of carbon in 
the carbonate to be determined and can distinguish between marine, organic and 
methane related carbon (Cioleman and Raiswell. 1981). A study of oxygen isotopes 
in sedimentary carbonates can be used to determine the origin of fluids in 
= liiiltbrium with the carbonates, ami provide an estimate of the temperature of 
carbonate formation using the Epstein <1 ill. <1953) thcmionictet (Section 7.2.2). 
Temperature determinations may give the original seawater temperature or the 
temperature of diagenesis, although tare should he taken to establish chemical 
equilibrium (McConruughcy, 1989) Fluid studies allow the composition of pore 
waters in equilibrium with calciie cements to be calculated, provided the 
temperature of formation is known. 

Hudson (1977), in an excellent review of the application of carbon ami oxygen 
isotopes to the process of limestone lilhili cation, points out that the different 
crystalline forms of carbonate have grown at different times. lienee, iIr mo,t 
fruitful approach to understanding limestone lldtifnaiinn tlimugh the isotopic 
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Figure 7,/9 & ,s O vs 6 U C plot showing the composition of carbonates from a variety of environments 
Note that § iK 0 is plotted relative to both the SMOW ami PDK scales The ewwjpu 
composition of a number of different carbon reservoirs is plotted along the right-hand side of 
the diagram The values for sedimentary carbonates (horizontal rule) are from Hudson <1977) 
ami Baker and Falhck. <19X9); hydrothermal ealcites (stippled, ornament) from the mid-ocean 
ridges show muting between montle-tlcrived carbon (M) and seawater carbon (S) [Stakes and 
O'Nc !, 1982 ); in the lirid ol v, dnMbanMl Bdeues from Mississippi, Valley i;- ”- «i posits 
(M-V hydrothermal) the arrow shows the direction of younging (Richardson el ai., 1988 ) 
Hhoodritc compositions (unomamented) ate from Wright et *i (1988). The Add of 
carhonatitcv is from Deities and Gold (1973). 
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Figure 7.20 5 ,ll O vs 6*’C plot lowing the evolution of limestones and calcareous muiktinic* during 
lilhtticalion, The trends are as follows: I, Jithification of limestone; compositions lie an a 
mixing line between anginal seawater compositions (marine) and carbonate cemcnLs 
(cements), 2, lithilieation of a modem manne limestones showing enrichment in 5 'L 
accompanied by a slight decrease in 5 *0 — the enrichment in isotupiuills heavy carbon may 
be due to a carbon residue retraining after photosynthesis; 3, interaction with isoropicalK 
light carbon of organic origin, most prohably thru i 1 interaction with soil-derived CX>»; 4, 
compositional change in calcareous concretions in mudstone due to methane formation and 
interaction with pore waters; 5, carbonate cements in clastic sediments containing carbon of 
methanogenk origin H, virnpmtiinn.il change in late dhgcnctic cements in mud stone m the 
methanogcncsLs (\lc) and decarboxylation (D) rones of progressive anoxic dugencsis. (Data 
front Hudson, 1977 and Scotch man, 19#9.) 

analysis of the different generations of carbonate. This allows the construction of an 
evolutionary pathway on a iv'O-iS 1 ’(! diagram and shows the 5 , *0-5 ,3 C history of 
the rock. Traditionally, the separation of finely crystalline intergrowths has been 
made using a dentists or jeweller's drill The more recent application of the laser 
microprnbe, however, oilers even greater spatial resolution (Smalley ri a/., 1989), A 
number of‘typical* limestone isotopic histories arc illustrated in Figure 7.2U 

Allan and Matthews (1982) show that the interaction between limestone and 
meteoric water can be recognized on a 5 ,H 0-^ I , C plot. characteristic signature of 

h -i process is the wide spread of values combined with n rrow range c 4 
8 1 *0 values. This pattern arises because the 8 U C value of rccrystallizcd carbonate 
comes from a combination of two carbon reservoirs (soil-derived CO, and the 
original carbonate) whereas oxygen is dominated by a single reservoir, meteoric 
water. 

Mixing-zone carbonates, formed in the groundwater zone where seawater and 
meteoric water mix, typical! y show a marked positive covariation he tween 5'*0 and 
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5' C for a .single generation of carbonate cement (Allan ami Matthews, 1982). The 
covariation results from the mixing of waters with different compositions — 
meteoric water and seawater. Meteoric water is depleted in “O relative to its 
seawater source, and once it has passed through soil is also enriched in ,J C. Searl 
(19.88, 1989j utilized this relationship to identify mixing-zone dolomites in the 
tower Carboniferous limestones uf smith Wales, 

Hydrothermal Hydrothermal calcitcs formed m w iter-rock interaction at a mid-ocean ridge show 

raltite a wide range of compositions on a 5 ,<t O-d ,1 C plot (Figure 7.19) chidly as a 

function of differing water /rock ratios (Stakes and O’Neil, 1982). At one extreme 
cslcitc in a greenstone breccia has mantle-like S"C values and formed in a rock- 
dominated environment (low water/rock ratio) at high temperature (145-170 °C). 
1 am-temperature vein calcitcs have seawater 5 ,, C values and represent a Urge 
volume of seawater interacting w ith the host basalts. 

Calcitcs associated with Mississippi Valley-type lead-zinc mineralization trt 
Carboniferous limestone in Illinois show a marked decrease in 8 lI C during their 
growth coupled with only a small decrease in 6 ih O (Figure 7 19). These changes 
indicate that early calcitcs were very similar in composition to carbonates in the 
limestone-, whiUi late in the evolution of the hydrothermal system, fluids ,i >s> i n 
with the degradation of organic carbon become important (Richardson ei u/., 1988). 

7,4.3 The S 13 C composition of seawater 

Seawater has, by definition, a 8 ^C value close to 0 1 /* and marine carbonate has 
values between -1 and +2 V* Ancient seawater, however, has not had such a 
constant composition and excursions from prescn?-da\ vjlm, \c been noted in 
the Phancrozoic record by Veizer it at. (1986) and IlotTman cl ai (1991), The 
largest are of the order of 6 */» (l’UB) in the Permian. A smaller excursion 
(4,8 ”/») noted in the Cretaceous (Hart and Leary. 1989) is used as stratigraphic 
marker. There ts a very precise record for the Tertiary based upon bulk carbonate 
values from the ocean Soon which is also used for strati graphic correlation 
(Williams cl aL 1988). 

Sume anomalous S IJ C values, for seawater represent local conditions, whereas 
others are thought to represent global anoxic events in which there is increased 
deposition of light organic carbon into black shales and a corresponding increase in 
6 1;, C in seawater bicarbonate. Baker and Fallick (1989) recently described a massive 
positive excursion of 5 ,J C (13 PDB) during the Proterozoic («r 2.0 Ga) w hich 
appears to be of world wide significance (Figure 7 19), This event may document 
.nt increase in the population of photosynthesizing bacteria. 


7.4.4 Biogeochemica! evolution 

Sehidlowski (1987, 1988) has shown how the study of carbon isotopes in the two 
principal forms of sedimentary carbon - carbonate and organic carbon — can be 
used to trace ancient biological activity tbtough the geological record. His argument 
is based upon the observation that isotopically light, organic carbon and isocopically 
heavy carbonates arc complementary reservoirs which have originated from the 
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biological fractionation of mantle carbon, Both reservoirs arc therefore responsive to 
changes in the level of biological activity. On a graph showing the ranges anti mean 
values of S ,J C in carbonates and organic carbon rhrough time, Schidlowski shows 
that, once the effects of diagcncsis and metamorphism are accounted for, there is 
very little change between the present-day and the earliest part of the geological 
record at 3,8 Ga This he argues is evidence for the constancy of biological activity 
since 3.8 Ga and presence of CO fixing organisms since that time, 


7.4.5 Carbon isotopes in CQ ? 

Since CO> is an important component of igneous, metamorphic and mineralizing 
fluids, it is instructive to rry and use the isotopic composition of the carbon to 
discover the original source of the C0 2 . Studies of this type have concentrated on 
COj released from fluid inclusions and on carbonate minerals formed in equilibrium 
with COj-rich fluids, From Figure 7.18 wc might attempt to differentiate between 
CO> derived from organic carbon, from the mantle and from marine carbonate on 
the basis of the o' X values. Unfortunately fractionation processes confuse this 
simplistic subdivision and rarely can a unique solution to the origin of CO; be 
obtained, as the examples below will show, 

It has mentis- h L cn realized that CO» cxsolvcd from igneous melts is an important 
route for accessing mantle CO;, Step-heating experiments on oceanic basalts 
produce two fractions of CO;, one below 600 °C with 6 C values around -25 ' t «, 
the other at above 600 °C with 8 1 J C values between -5 to - 8 '/® (Javoy ft at., 
1986). Experimental studies by favoy et a/, (1978) showed that there is a 
fractionation of about I /« at about 1200 °C between carbon dissolved in a basaltic 
melt and CO;. There are two possible interpretations of the low-tcmpcraturc light- 
isotopic carbon fraction: ( 1 ) it is organic contamination; or ( 2 ) it is a residue 
remaining after C 0 2 fractionation and outgassing. 

CO, in metamor- The dccarbonation of a marine limestone during metamorphism leads to lower 

fiinc fluids (more negative) S ,A C values in eddtn iNabelek ft at., 1984) and CO, which i> 

correspondingly enriched in tV'C. The metamorphism of biogenic, non-carbonate 
carbon, on the other hand, leads to a Iocs of methane and higher (less negative) S ,3 C 
values in the residual carbon or graphite. 

(a) Cranuiuts A popular model for the origin of granulites is the pervasive influx 
of CO 7 at depth in the Earth’s crust. This model is based upon the observation that 
many gran utiles contain abundant CO»-rich fluid inclusions Jackson rf ttl. (1988) 
analysed CQj-rich fluid inclusions in granulites from south India and found that the 
fluid had b'V composition in the range -5 to - 8 */® (PDB). At first sight this 
result suggests a mantle origin for the C0 2 although similar o''C values (+2 to 
- 10 "/®) can be produced by the decarbonatiun of marine ear'* -nans (initial b'T. 
~ 0V®) during lower crustal metamorphism (Wickham, 1988), 

(h) The origin of metamorphic graphite Metamorphic graphite is produced by the 
infiltration of, reaction with and mixing of carbon-hearing fluids For example. 
Rumble and Hocring (1986) found that hydrothermal vein graphites in high-grade 


CO, dissolved 
in igneous melts 
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gneisses itx New Hampshire formed by the mixing of two fluids, one carrying 
organically derived carbon whilst the oilier contained carbonate carbon. Similarly, 
Baker (1988) found that Ivrca zone peliles generally contained graphite from an 
organic source, although higher S^C values in the vicinity of marble bodies 
suggested that some of the graphite came from marble-derived fluids. 

Carbonate minerals precipitated in association with Archean lode gold deposits .ire 
thought to result from the C0 2 -rich nature uf the auriferous fluids and as such are 
an indicator of the source of the gold bearing solutions. There arc two schools of 
thought, one favouring a metamorphic origin for the CO_,-nch fluids whilst the 
other favours a mantle origin. Carbon isotopes have hcen used m an attempt to 
resolve this controversy. Burrows e: ut. (1986) found that the mean 5 IJ C valm of 
calcitc carbon was between --3 and —I 0 /* (PDB), Since the only local source of 
carbon was of seawater derivation (0*/* t ) these authors concluded that the C0 2 -rieh 
fluids were externally derived and of mantle origin. However, the more recent work 
of Groves a til. (1988) reveals some of the suhrlcries involved in using 6 l l C as a 
tracer These authors report a second carbon reservoir in the area of the 
mineralization with S^C values close to those recorded for the mineralization 
(median value -4.8 V-*). They conclude that CO, in the gold-bearing fluids is 
metamorphic in origin, and that although originally mantle-derived and deposited 
in fault zone, it was subsequently reworked during meumorphism. 

Fluid-nick interaction has been fully discussed in the section on water rock 
interaction (Section 7.3) and the same principles apply when considering C0 2 -rich 
fluids When the fluid/rock ratio is small the $' 'C in the rock dominates the system 
and it is the fluid composition which is changed, whereas when the lluid/ruck ratio 
is large and the 8' *C of the C0 2 dominates, the value of the rock is modified. 

The calculation, based upon mass balance constraints, requires knowledge of ihc 
initial 5 1 'C value for the carbonate and for the fluid, the proportions of the i jrbnn 
bearing species and the fractionation factors for 1 C between C0 2 and the 
carbon-hearing spcnv> i ■■ n . IS).. The shift infi^C from the original value to that 
measured in calcitc and/or graphite is used to calculate the extent of fluid- rock 
interaction. Iajiiio cs .ire given by Baker i l'*8H) and Kreulen (1988), Baker found 
very low fluid/ruck ratios in the amphibolite and grumble facies rocks of the Ivrca 
zone whereas Kreulen found fluid/rock ratios of up to 2.0 in schists from Naxos. 


Carbon isolope thermomeiry 

Inspection of Figure 7.18 and Box 7.4 show that the fractionation of ,-, C between 
species of carbon is in many cases strongly temperature-dependent. Two of these 
fractionations have been used as thermometers in metamorphic nicks. 

fir. . v exists with calcitc in a wide variety of metamorphic rocks .mil is 
potentially a usefut thermometer at temperatures above 600 S C. There arc three 
calibrations currently in use. The calibration of Bottinpa (1969) is based upon 
theoretical calculations and has the widest temperature range. Valley and O’Neil 
(1981) produced an empirical calibration based upon temperatures calculated from 
two-feldspar and ilmcnitc-magnetite thermometry which is valid in the range 


Using sulphur-isotopes 


303 


Bt>> 7.4 Equations governing the fractionation of ”C I temperature in kelvin unit* unless 

otherwise started I 

CO,-<*fclte (Bcionga, 1969} (0-700 *Cf 

1000 In a - -2.9881 lO*^ + ?.6663<ltfVn -2.4612 

Dolomito-caictic (Sheppard and Schwartz, 1970} (100 €50 *C) 

1000 Inu - 0,18[l0*/r I i ♦ 0,17 

Catcito-graphite (Valley and O'Ned, 1981) (610-760 *CJ 
A**=*^.ph*« - 0.00748r * B 68 (Fin “Cl 

Catcito-graphita (Wada and Suzuki, 1983} (400-680 'Cf 
0 ., rr ., « 5.6f1G B /F J ) - 2.4 

Dolomite graphite (Wada and Suzuki, 1983) (400 630 *C) 

^«wnin»~gr«|iriM “ 5-91 tO" 1 T } ) — 1.9 

600-800 °C This curse is abuui 2 V. Imser than the calculated curve of Hntfinpa 
(l%9), Wada and Suzuki (1983) also calibrated the ealcitc-graphiic and the 
dolomite graphite thermometers empirically using temperatures > hiaincd from 
dglumitc-calcitc solvus thermometry. Their calibration is valid in the range 
400-680 "C and is close to the Valley and O’Neil (1981) curve at high temperatures 
V.dks .iml f)'\ii! jl'KSh suggest that equilibrium is not reached between calcitc 
ami graphite at temperatures below 600 J C. However, at temperatures above 
600 '(J organic carbon Iom s distinctively negative o 1 ’tl signature in the 
presence of calcite. 

The COj- The carbon isotope composition of CO, in fluid inclusions and that of coexisting 
graphite graphite can also he used as a thermometer. The exchange was calibrated bs 
thermometer Bottinga (1969); sec Figure 7 18 The method was used by Jackson el at. (1988) 

who obtained equilibration temperatures close to the peak of mein morphism from 
COj-rich inclusions in quartz and graphite in granulite facies gneisses from south 
India. 


7 5 Using sulphur Isotopes 

There are four stable isotopes of sulphur which have the following abundances: 

'-S = 95.02 “6 
,J S = 0.75 % 

M S = 4.21 % 

*S = 0.02 % 
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Figure 7*2t Natural sulphur iaotttjx rr<rvu» rv. Dau (Vutn SaLii vs , 19&2; 1984; Uadi and Sakai, 
1984; tHaypod tt [980; KcrridjEc tt »i/., 1983; Clumber** 1982, (.jute-man* 1977; 

OuuvwiAwi r; tf/., I9S9 A similar diajeram far hydrothermal '.ulphtir-bcannjf mnwraU i* 
given in Figure 7 28. 


The ratio between the two most abundant isotopes, 54 S/ J ’S, is used in 
gcochcrnistn and expressed in parts per thousand relative to rbe reference standard 
of troilite (FeS) from the Canton l>iahto iron meteorite (CD1‘) in the form 

S"SV.= M s/ ,; S (nmpfc) - »S/“S (sMnd.ird) 

W S/ J1 S {standard) 1 


Sulphur isotope ratios are measured on SO, gas ami precision during mass 
spectrometry is (a 0,02 V* and accuracy about 0.10 *’/-». The m ntu analysis of 
line-grained sulphide intcrgrowths is now feasible using the ion miernprobe with a 
precision of between 1.5 and 3.0 V.«. (Kldndgc <t al t 19X8) and the laser 
microprobe with a precision of ± IVn, for S M S (Kelley and Failicl. 1990). 
Sulphur isotope data arc most commonly presented in the form of frequency 
histograms. Bivariate correlation diagrams are rarely used jjthuugh sometimes a plot 
of 5 *S vs total sulphur is instructive 


7.5,1 The distribution of sulphur isotopes in nature 

Naturally occurring sulphur-bearing species include native sulphur, the sulphate 
and sulphide minerals, gaseous ITS and SO f and a range of oxidized and reduced 
supliur ions in solution. A summary of the inorapic compositions of some major 
rock types is given in Figure 7.21. 
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Figurt 7,22 Age curves for 6 M S and 8 ,m O in sulphate in equilibrium with seawater. Note the change in 
v-:.ilp' | iS ' * S i \ t ,\i lot I) -Hill’ I ! , ..live tu SMOW. Th( in • .lie based upon re 
isotopic composition of sulphate in evaporite deposits and the error liars show the 
uncertainty in the curves at different time intervals. The oxygen curve is less well 
constrained than the sulphur curve The fractionation of S u $ between dissolved sulphate in 
seawater and evaporite sulphate t*> +1.65 V» ami therefore, strictly, this value should be 
subtracted from the values jfiven. However, rhe relativelv small difference is within the errors 
oil rhe plotted curve and is usually ignored On the other hand, the fractionation of 8 ,K 0 
between seawater and evaporite sulphate is +3.5 V« and so to obtain the isotopic 
composition of 5**0 in sulphate in seawater at a given time, 3.5 */„ should be subtracted 
from the plotted values laftcT Clay-pool et if/., 1980), 

'llierc .ire three isotopk-jllv distinct irsr-vniis ul' o' 4 S (!) mantle-derived 
sulphur with 6 M S values in the range 0 ± 3 V® (Chaussidon and lairand, 1990); 
(2) seawater sulphur with 8 H S today about +20 V®, although this value has varied 
in the past, and (3) strongly reduced (sedimentary) sulphur with large negative 8' \S 
values. The best estimate of the composition of the primitive mantle relative to 
CDT is +0.5 V« (Chaussidon tt <»/., 1989), slightly but significantly different from 
that of chornlritic meteorites (0.2 ± 0,2 ; MORB values, indicative of depleted 

mantle, are in the narrow range 5' M S ~ +0.3 — 0,5‘/oi (Sakai cl «/., 1984). Island- 
arc volcanic rocks have a wider range of 6’S (-0.2 to +20.7 */■). Granitic rocks are 
also very variable in composition (-10 to +15 Vw; Coleman, 1977) and show a wide 
range compared to the average value lor the continental crust (6 H S - +7.0*/») 
proposed hv Chaussidon cl al. (1989). 

The 5 M S value for modern seawater varies between about 18.5 V* and 21.0 V® 
(Kcrridge et til., 19b' i i ambers, 1982). Present-day sulphate evaporites are 
enriched in 8 H S by between I and 2 V® relative to seawater, a relationship 
exploited by Qaypool ft aJ. (1980) to determine the 5 M S value of ancient seawater. 
Their ‘seawater' curve shows marked excursions from the present value (Figure 
7.22) with a particular low ( + 10.5 V®) in the Permian and a marked high at the 
Kim id i lie ( ..linbrim (+31.0 '/•). There is a Superficial similarity between the 
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6' , S-sulphatc seawater curve and the 6 1 'O-sulphatc seawater curve (Figure 7.22) 
although the two isotopic systems are not closely coupled. 6 U S in modem marine 
sediments has an extensive range from values around +20 V®, reflecting the 
composition of seawater, down to -56 V®, tin* product of bacterial sulphate 
reduction (Section 7,5-2). Some meiasediments have values js, high a- :-4 . 
CDT. 


Controls on the fractionation of sulphur isotopes 

Inspection of Figure 7.21 shows that many crustal rocks have wide ranges of 8 W S 
values, indicative of extensive fractionation These fractionation mechanisms arc 
outlined below. 

Sulphur isotope fractionations in an igneous melt arc small and take place either 
between crystals and melt or through solid-gas fractionation. fractinruuitjn 
beiwccn primary sulphide mincrats and magma is of the order of 1 3 ’/ ■ (Oh root o 
and Rye, 1979; (Jhaussidon el a!.. 19S9). Differentiated felsit and mafic m iii r-, 
record a maximum decrease in S^S of 1 Vo < Leda and Sakai, 1984) 

Vn alternative means of sulphur isotope fractionalit»n in igneous rocks is by the 
degassing of SO, from sub-aerial or shallow submarine lavas. This fractionation is 
controlled In the suEphalc/sulphidc ratio of the melt* which in r.. 11 : < nt rolled by 

temperature, pressure, water content and oxygen activity. SQ 2 outgassed by basic 
lavas is enriched in 5 j4 S relative to the melt because the dominant sulphur species 
in the melt is sulphide and S0 2 is enriched in 5 ,4 .S relative to sulphide (sec Figure 
7,26). The process is documented from Kilauea volcano, Hawaii, by Sakai el al. 
(t9#2) and quantified bv Zheng (1990). 

The sedimentary sulphur cycle and the associated fractionation of 5 l+ S are 
summarized in Figure 7.22. There arc four possible processes. 

(a) The bacterial reduction of sulphate to sulphide The principal low -temperature 
control (i.c. below 50 °C) on sulphur isotope fractionation is rhe reduction of 
seawater sulphate to sedimentary sulphide, although there is evidence to suggest 
that this process did not take place during the Archcan (Hatton el al., 1983). The 
reaction is kincticalh controlled, for it has been shown that the rate of reaction of 
the lighter ion, ’'SO,,'" is 2.2 % greater than that of u SO/“ (Harrison and I'hodc, 
1957). Ilcncc a reaction of this type taken to completion will produce sulphide 
depleted by 22 */m relative to the seawater source. 

In addition to the kinetic control of sedimentary sulphide fractionation, ii is a 1 si 
important to consider whether the system is open or closed In an open system such 
as a large body of stagnant seawater rhcrc is an infinite reservoir of seawater 
sulphate Sulphate-reducing bacteria operating in stagnant bottom waters will 
produce 11 S extremely depleted in M S whilst S^S in the seawater reservoir will be 
effectively unchanged. Chambers (1982) records fractionations as targe as 48 B /« in 
i untcrn intertidal sediments. In a closed system in which sulphide is removed by 
either the loss of 11>S gas or the precipitation of sulphide minerals the isotopic 
fractionation of sulphur is controlled by Rayleigh fractionation — the equations are 
given in Ohmoto and Rye (1979), In this ease the isotopic composition of the 
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TtXure 7.23 The sedimentary sulphur cyde showing ihc paitern of sulphur-isotope fractionation in 
Mniimcittary and hydrothermal pmeevsev, 

sulphate also changes with decreasing sulphate concentration and the residual 
sulphate may have very high 6 1+ S values (see for example Richardson et ai. t 

\my 

(b) The bacterial oxidation of sulphide to sulphate In contrast to the bacterid 
reduction of seawater sulphate, the oxidation of sulphide by hactcria produces very 
little fractionation and is unimportant, except perhaps in the Archaean (Hattori, 
1989), 

(if The crystallization of sedimentary sulphate from seawater — evaporite 
formation I ‘he crystallization ot sedimentary sulphate during cvaportie formation 
produces a relatively small $ W S enrichment of 1.65 ± 0,12 *4* fi’hodc and 
Monster, 1965). 

(d) The non-bacterial reduction oj sulphate to sulphide Some mineral deposits show 
clear evidence for the reduction of sulphate-bearing solutions at temperatures above 
those favourable to sulphate-reducing bacteria, indicating the inorganic reduction of 
sulphate (Trudinger et al., 1985). There are two possible processes. In the 
temperature ranges 75 175 “C, inorganic sulphate reduction may take place in the 
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presence of hydrocarhons, \ variant of this may be the breakdown of sulphur 
bearing organic compounds in the formation of sulphides associated with coal 
fV. ill I III | 4 V S Vt ir rit.iiis 7 II • • VI I , Mi 1 ph.it' " ••'inn ! 10 be 

achieved by reduction with ferrous iron. This process is particularly impotiant in 
seawater interaction with MORB at a mid-ocean ridge (Section 7.5.4). 

At very high temperatures (T > 44K) , C) the dominant sulphur species in 
hydrothermal systems arc H 2 S and SOi and the isotopic composition of the fluid is 
approximated by 

S^^tiuid = ^^HjS 'h,s + S^Sso. ''so, 17.18] 

where A'n^ etc, is the mole fractifwi of H,S relative to total sulphur in the fluid 
{Ohmoco and Rye, 1979). At these elevated temperatures I l 2 S and S0 2 are assumed 
to behave as an ideal gas mixture. The fractionation factor is relatively large and is 
given in Table 7.4; the fractionation curse is illustrated in Figure 7.24. 

At lower temperatures (T < 350 °C) the dominant sulphur species in a 
hydrothermal system arc sulphate and H*S (Ohmoto and Rye. 1979). Ail sulphate 
species arc assumed to have the same fractionation factors and these arc given in 
Table 7.4. A number of very important studies summarized by Ohmoto and Rye 
(1979) show that the fractionation of between the different sulphur-bearing 
species in hydrothermal fluids is not simply controlled by temperature. Rather ir is 
a function of the physico-chemical conditions of the fluid: these include oxygen 
activity, sulphur activity , pi I and the activity of cations associated with sulphate. 
The effect is illustrated un a log (oxygen activity) vs pH diagram (Figure 7.25) 
showing the stability relationships for a number of relevant mineral species. The 
deviation in S^S of a mineral from that in the equilibrium hydrothermal fluid is 
shown as a function of oxygen activity and pH. The diagram predicts that sulphide 
minerals forming in equilibrium with magnetite will have a much lower than 
the fluid, whereas at low oxygen activities and low pH the fluid and minerals will 
have approximately the same 6‘^S values. 

The importance of these studies is firstly that the of a hydrothermal fluid 
cannot be directly estimated from the 5' 4 S value of sulphide minerals unless 
variables such as oxygen activity and pl l are also known Secondly, the §'*S of a 
sulphide mineral cannot be used directly to determine the source of the sulphur 
since it is a function of many more variables than simply temperature. 

There arc a number of theoretical and experimental determinations of the 
fractionation of 5^S between coexisting sulphide phases as a function of 
temperature (Table 7.4). Sulphide-pair thermometers derived from these results are 
given in Bux 7.5 and in Figure 7,26, However, the partitioning of sulphur isotopes 
between sulphides is not a particularly sensitive thermometer and requires precise 
isotopic determinations. More extensive fractionation is between sulphide and 
sulphate phases. 

Sulphide mineral-pairs and sulphide -sulphate mineral-pairs arc not always in 
equilibrium. This cun arise w hen (1) the mineral-pair formed at low temperatures 
(T < 200 ®C); (2) the isotopic composition of a mineralizing fluid is variable, (.1) 
there was continued isotopic exchange following the formation of the mineral 
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Table 7,4 l'rwctionanon lor ihc distribution ot "*S between Hdi and sulphur compound*. The 
governing equation is 10(10In 0t Bwr4 |_ l( - A{|l/7 T’) +■ B (temperature in Kchm units) 


Miner*! 

A 

B 

Temperature 
range (°C) 

Reference 

\ n 1*. yd ri Ic/$> psu rr / [ 

6.463 

0.56r0 > 

200-400 

Ohmoto and La saga (1982) 

Baryte 1 

6.5 ±03 


200-400 

Miyoshi tl al (1984) 

MuKbdcniic 

0.45±0.10 


Uncertain 

Ohmoto and Rye (1079) 

Pvritc 

0.40 ±0.08 


200-700 

Ohmoto and Rye (1979) 

Sphalerite 

0 1010 05 


50-705 

Ohmoto and Rye (1979) 

PyrrhnlHc 

0 |0 t0.05 


50-705 

Ohmotn ami Rye (1979) 

Chalt‘upyri »c 

I' 115 ±0.08 


200-600 

Ohmoto and Rye (1979) 

Bisniuthinitc 

-0 67 ±0.07 


250-600 

Berne and Nielsen (I9S2) 

Galena 

-0.63 ±0.05 


50-700 

Ohmoto and Rye (1979) 

so 2 

4.70 

-0.5 ±0.5 

350-1050 

Ohmoto and Rye (t979) 


T(°C J 



Figure 7,24 Partitioning of }4 S between mineral juinv and IKS SO. as a function of temperature lliese 
fractinnation curves can be used in sulphur isotope thermometry and indicate that the 
greatest fnjetiunatwm are between sulphides and sulphate minerals. 
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Calibration* for sulphur isotope thermometers [temperature in kelvin units] 
mainly baiod upon the fractionation factors given in Table 7.4 

PyritG-gtiletna 


1000 Inn - 1.03(10^7*1 

1000 In a « 1.08(10*/7*1 (160-600 *0 

Ohmoio and fiya 11979) 

Clayton <19811 

Pyrite-sphatorit q {pyrile-pyrrhatite} 


1000 Ina ■ 0.30110*/7*) 

Ohmoto and Rye (1979) 

Pyrite-chatcopynte 


1000 In a - 0.45110 B /T J ) 

Ohmoto and Rye <19791 

Sphalerite-galena fpyrrhof/te-gaiertfll 


1000 In a - 0.73110*/7*) 

1000Inaa O^enOVT*) 1100-600°CJ 

Ohmoto and flye • 1979) 

Clayton 11981) 

Sulphaia-pyrne 


1000 In u - 6.063110°/1*) ► 0,56 

Ohmoto and Lasago 119821 

Sutphaie-chaicopyriie 


1000 In a 6.513(10*/7*1 + 0.56 

Ohmoto and lasaga <1982) 

■ J2 r\ 

Hcminte 


- 3 * 





->Br 


Figure 7.25 Log /l) 2 vs pi I diagram for sulphur sjiecies showing the stability lidds of pvriie, pyrrhotitc, 
magnetite and hematite.. The boundaries are for p = 1.0, and molalities far total sulphur = 
0.01, K" — 0,1, Na' = 0.9, Ca** = 0.01. The contours show deviations of 6 u S HtS from 
6 M S flui4 at 250 *C under equilibrium conditions (after Ohmoto aiwJ Rye. 1979) 
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Fif'ure 7.2b Partitioning of between minerals and ll»S is a function of temperature These 
Irjciiorancin curves are used as a basis for the sulphur isotope thermometers given in fin* 
7.5, Mineral-pairs showing the greatest separation on this diagram will be ihe most sensitive 
thermometers (mainly after Ohmoto and Rye, 1979). 

phases, The attainment of isotopic equilibrium is best demonstrated by the 
determination of temperature estimates between three coexisting minerals. 
Agreement between the two estimated temperatures, may be taken as evidence of 
equilibrium. It’this approach is not possible, there should be clear textural evidence 
of equilibrium. 

7.5.3 Using sulphur isotopes In igneous petrogenesis 

In this section three examples arc given which illustrate different ways in which 
sulphur isotope variations may be explained in igneous rocks. 

(a) Outgastmg o/.S'O? The difference in sulphur isotope composition of sub-aerial 
and submarine lavas from Kilauca volcano was demonstrated by Sakai tt at. (1982) 
and attributed to SO, outgassing. Submarine basalts have 8 M S = 40.7 and a 
high sulphate-sulphide ratio whereas sub-aerial basalts have lower total sulphur, a 
reduced 8 M S (-0,8 V..) and a lower sulphatc/sulphidc ratio, all features consistent 
with the rapid nutgassing of SO., This mechanism was also invoke* I f ure tt al. 
(1984) and Mensing tt ul. (1984), who found a wide range of 5 ,4 S values (-1.45 to 
11.73%*) in the Jurassic Kirkpatrick basalt of Antarctic;). In these rocks 8 1< S 
correlates with magnetite concentration, a feature which is indicative of high 
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activities of oxygen. Faurc et at, (1984) therefore proposed that the high oxygen 
activity led to the stabilization of SO 5 as (he dominant sulphur species which was 
degassed, giving rise to the wide range in &”S in the basalts. 

(b) Contamination \ in usah-andeske-dacitc suite of the Mariana island an li < 
S M S values in the range +2 to +20 7 '/«, This huge range relative to mantle values 
is thought by Woodhvad ti ai (1987) to reflect contamination with seawater 
sulphate (S M S = +20•/•). 

(t) Cryttal fraaionatum Layered gabbros of the Huntlcy-Knock intrusion of 
north-east Scotland contain sulphide horizons of magmatic origin. 5 W S values for 
sulphides in the cumulate rucks have a mean value of close to the mantle 

value (Fletcher el a/., 1989). S**S values within the intrusion, however, vary from 
the contact zone (mean value of- 1.2 V*) to cumulate and granular rocks (mean 
+2.4 °/<*), This variation is attributed to magmatic isotopic fractionation under 
conditions of variable oxygen activity. 

7.5.4. Using sulphur isotopes to understand the genesis of hydrothermal ore 
deposits 

-Sulphur isotope studies of hydrothermal ore deposits offer the opportunity to: (1) 
determine the origin of the sulphur present in the ore body as sulphides and 
sulphates; ( 2 ) determine the temperature of formation of the sulphides and of the 
orC’forming fluids; (3) determine the water/rock ratio effective during the 
mineralization; (4) determine the degree of equilibrium attained; and (5) thus 
constrain the mechanism of ore deposition, 

High-temperature hydrothermal vents currently active at mid-ocean ridges offer a 
unique opportunity to study a hydrothermal mineral deposit in the process of 
formation. The current working model assumes that cold seawater sulphate is 
drawn down inin sea-floor basalts, where it is heated in the \ivimtv of .1 magma 
chamber, Some sulphate is precipitated as anhydrite whilst the remainder is 
reduced to sulphide by reaction with the basalt. The fluid is vented back onto the 
seafloor at about 350*C laden with sulphides, On mixing with seawater these arc 
precipitated onto the sea lluor as a line sulphide sediment whilst at the vent site 
itself the sulphides arc buib im ■ ‘chimney’ a metre nr so in height. 

Recent studies on the Last Pacific Rise (Woodruff and Shanks, 1988; Bluth and 
Ohmoto, 1988) have determined the .sulphur isotope composition of the different 
components of this system (Figure 7.27). These data allow- the model outlined above to 
be tested and a number of observations to be made about deposits uf this type: 

( 1 ) The sulphide phases arc not in isotopic equilibrium with each orher. for the 
results of sulphur isotopic thermometry do not agree with the known 
temperature of the vent fluid. 

(2) The 8 i4 S of the sulphide phases varies from the inner to outer wall of a 
chimney. 

(3) The vent fluid is apparently out of isotopic equilibrium with the minerals 
deposited. 

(4) I he 6 M S composition of the vent fluid is produced by the mixing of basalt 


Modem hydro- 
thermal mineral¬ 
ization at 
mid-wean ridges 
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Fifw? 7,27 


Ancitnt 
h yJrolhermul 
mineralization 


iUi'ATW pH * 3-6 

= 1M6 7« m'C 



DCAO CHIMNEY 
fnc \ mfv’ , S 1.87 


Mtinft* 4 S !.9 
Pyrttc 1,85 

CHalcopym* 1-87 
Spbileine 1.93 

t Anhydrite 18.96 


ii K k ;* -- 


44444 * 444444 * 4 * 4 -* 4 «-'* + *4 

♦ 444444 BA saLT • 1 ' ► ♦♦♦♦44 + 44* 

' . * ♦ % * * T , * . * 4 8 >4 S ■ |.0 (unaltered basalt ) *♦*',*,%*«* ** « 
r + + + + + + + + + + + * + + *■ 


Vfc.vr ILUID 
fc^S = I.F-5.5V 


Chimney wall 


Outer 

wall 


CuFeSj FeSj ZuS 
(FeS,) (FeSj) 


Schematic representation of S^S vulm.-* in ;i nu>deni mkl-ocean ridge hydrnthcmuil vent 
system Most values are Lik.cn from Kerrtdgc ft ut. {1983} blit with additions from Blurb and 
Oh mull i 11989) and Woodruff and Shanks (1988). The enlargement of the chimney wall 
shows changing 5 U S values and sulphide composition from inner tu outer wall. 

sulphur and reduced seawater sulphate. The precise value is a function of the 
water/rock ratio (Skitrov> and Coleman, 1982). 

(5) The composition of the hydrothermal lluid is variable. 

Hi) Co genetic sulphate mincrab. (anhydrite) are in equilibrium with seawater 
sulphate. 

These features are explained by llluth and Ohmoto (1988) in a model in which the 
8 U S value of the fluid changes with time during the life of a chimney, as a result of 
changes in the plumbing and water/rock ratios in the basalts beneath the vent 
system. Tn addition, the hydrothermal fluid reacts with the already' precipitated 
sulphides in the chimney walls, resulting in their changing composition during the 
growth of a chimney 


The sulphur isotope composition of hydrothermal ore deposits is reviewed by 
Ohmoto (1986), The 6^S values for a selection of hydrothermal ore deposits arc 
summarized in Figure 7.28, from which it can be seen that whilst some types of 
deposit have a narrow compositional range and therefore a fairly specific origin, 
other* have a wide compositional range and probably multiple origins. An example 
of the latter arc deposits of the Mississippi Valley-type; sulphides from Mississippi 
Valley-type ores extend across the entire compositional range of Figure 7.28. 
Individual deposits, however, have a relatively restricted range of 5" + S values. 
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supporting the view that in each case the source of the sulphur and mechanism of 
ITS production are difYereni- 

Bdow, t number of different types of hydrothermal deposit arc briefly reviewed 
and classified according to their probable source of sulphur. 

(a) High-temperature morgame reduel ion of teowater sulphate This mechanism has 
been discussed in some detail above in the description mid ocean ridyte massive 
sulphide deposits. It is equally applicable to massive Fb~Zn sulphides of the 
Kuroko type hosted in fclsic calc alkaline lavas. Most kuroko ores have sulphide 
8 *S values in the range +5 to +8 V n and sulphate values in the range 21.5 to 
28.5 VV '['he close relationship between 5 J4 S in kuroko sulphates and the value 
for contemporary seawater (Songster, 1968) indicates that inorganic sulphate 
reduction is a plausible mechanism of sulphide formation. 

(b) Lair-1 snipe rutu re marjantc reduction of sulphate Red bed copper mineralization 
in the Cheshire basin of north-west England is associated with evaporite deposits. 
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Sulphides show .1 wide range of S 34 S values (-1,8 to +16,2*/*) and associated 
barite is in the range 13.8 to l 1 ) i"/®, These latter values are close to 8 ,4 S tor 
evaporite sulphate (18.4 to 20.8), present in the overlying succession. Naylor et cf 
(1989) suggest that both the barite and the sulphides formed from sulphur-bearing 
solutions derived from this source, The temperature of mineralization is not Wet) 
known but is thuught to have exceeded the temperatures at which sulphate- 
reducing bacteria can exist. For this reason the authors suggest the sulphate 
reduction took place in the presence of gaseous hydrocarbons and the range of 
sulphide values requires that the reduction took plate tn a closed system and was 
incomplete. 

(c) Loti' temperature bacteriological reduction of sulphate The Rammelsberg orebody, 
a sediment-hosted massive sulphide in Germany, tv made up primarily of clasts 
containing varying proportions of pyrile, chalcopy rile and other sulphides together 
with silicates. 8' 4 S v.i : . m n_ it lavis hill into three groups (+12 t> : I ‘ 

to 3 */« and 10 to -17 */«) and on .1 frequency histogram the values show 3 
skewed distribution, a feature nor seen in volcanogcnic massive sulphide ores and 
thought to be characteristic of sediment-hosted massive sulphides (Kidridge et ui t 
1988), The lower groups of values are explained most easily by bacteriogenic 
reduction of seawater sulphate (the fracrionarion faeror is around —15 ± 20 */>») tn 
a partially open system, The higher 6 54 S values are probably of hydrothermal origin 
.uni the two groups of clasts were mixed during sedimentation. 

(d) Sulphur of magmsttu origin Porphyry copper deposits are the most likely 
candidate for a magmatic, igneous source of sulphur. 8‘\S values tor sulphides fall 
in the narrow range -3 to +1 "A* close to the accepted mantle range, The sulphate 

. and sulphide phases are in equilibrium and yield temperatures of 450-650 °C 
(Ohmntn and Rye, 1979), In addition, oxygen and hydrogen isotope data indicate 
that rhe calculated tluid compositions arc close to those for magmatic fluids. 
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